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FOREWORD 


This  section  of  the  Bulletin  contains  the  keynote 
addresses  of  the  31st  Symposium.  Papers  dealing 
with  the  development  of  specification  requirements 
and  with  test  techniques  are  included,  some  of  which 
were  not  presented  at  the  Symposium.  Panel  discus¬ 
sions  on  topics  most  closely  related  to  the  subject 
matter  in  this  volume  are  also  included. 

Suggestions  to  improve  the  Symposia  and  the 
Bulletin  are  always  welcome.  They  should  be 
addressed  to  Code  4021,  U.S.  Naval  Research  Labo¬ 
ratory,  Washington  25,  O.  C. 


March  15,  1963 
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Major  General  R.  G.  Ruegg 
Commander,  Aeronautical  Systema  Division 


When  Dr.  Mutch  Invited  me  to  talk  to  you 
this  afternoon,  he  left  the  subject  to  my 
discretion. 

The  selection  was  not  an  easy  one  to  make. 
After  a  review  of  the  advance  program,  1  felt 
that  I  should  discuss  an  extremely  light  subject 
at  this  point  in  the  Symposium,  one  that  would 
be  a  change  of  pace  for  you  in  the  midst  of  four 
days  of  technical  sessions. 

(Besides,  I  never  thought  it  a  wise  policy  to 
talk  about  shock  and  vibration  to  people  who 
have  just  had  a  full  meal.) 

Yet,  the  environmental  problems  confront¬ 
ing  us  in  the  Air  Force  are  so  critical  that  I 
welcome  this  opportunity  to  discuss  them.  I 
know  that  nowhere  could  I  find  a  more  knowl¬ 
edgeable  audience,  or  one  which  could  contribute 
more  to  the  solution  of  our  problems. 

Our  job  in  the  Air  Force  is  to  develop 
advanced  aerospace  systems.  They  include  air¬ 
craft,  aerodynamic  and  ballistic  missiles 
launched  from  aircraft,  ground- launched  aero¬ 
dynamic  and  ballistic  missiles,  and  aerospace- 
craft. 

Obviously,  this  range  of  systems  encounters 
virtually  every  conceivable  environmental  condi¬ 
tion  and  combination  of  such  conditions. 

Of  paramount  consideration  in  the  develop¬ 
ment  of  all  our  systems  are  the  factors  of  fli^t 
safety  and  reliability.  And  therein  lies  our 
especially  deep  concern  about  the  nature  of  en¬ 
vironmental  phenomena  encountered.  Nor  are 
these  environmental  problems  posed  solely  by 
the  flight  requirements  of  future  operations. 

We  have  them  on  hand  today,  both  in  quantity 
and  in  complexity. 

In  the  case  of  aircraft,  for  example,  we  suc¬ 
ceeded  in  increasing  the  fatigue  life  of  critical 
aluminum  forgings,  which  tied  wing  spars  to 
fuselages.  Now  we  are  plagued  by  the  problem 
of  stress-corrosion,  a  condition  caused  by  hl|^ 


stresses  and  accentuated  by  e^qposure  to  salt  air 
or  other  corrosive  elemeids. 

In  our  constant  effort  to  accurately  predict 
or  take  into  account  sdl  potentially  critical  en¬ 
vironmental  problems,  we  find  that  we  must  don 
bifocal  glasses.  We  need  one  lens  for  the  little 
picture,  and  the  other  for  the  big  picture.  What 
complicates  our  problem  is  that  we  must  look 
through  both  lenses  simultaneously. 

Let  me  cite  the  modern  manned  aerospace 
system  as  a  case  in  point. 

We  consider  the  vehicle  system  as  an  as¬ 
semblage  of  man,  machine,  and  structure  which 
operates  as  a  unit  in  performing  its  essential 
mission.  Yet,  from  an  environmental  stanc^int, 
we  also  must  consider  the  system  as  an  assem¬ 
blage  of  individual  parts.  We  must  do  so  because 
the  individual  parts  may  be  subjected  to  environ¬ 
ments  significantly  different,  in  intensity  and  in 
form,  from  the  vehicle  Itself.  For  example,  the 
noise  level  near  jet  engine  exhausts  may  be  165 
decibels,  while  in  interior  locations,  man  and 
equipment  may  be  subjected  to  levels  of  only 
105  decibels.  This  represents  a  significant  dif¬ 
ference  since  it  involves  a  factor  of  1000  in 
terms  of  sound  pressure. 

Considering  this  and  nuuqr  more  examples 
like  it,  it  becomes  (Obvious  that  we  also  must 
think  of  the  environmental  factor  in  terms  of 
each  specific  part  of  the  vehicle.  Thus,  we  can¬ 
not  form  neatly-packaged  environments  for  the 
whole  vehicle  or  place  our  confidence  in  over- 
simple  or  quickie  criteria.  Such  oversimplifi¬ 
cation,  we  feel,  would  compel  us  to  pay  the  price 
in  reduced  reliability. 

Yet,  we  canwA  be  excessively  conservative 
in  our  precautions  to  insure  the  very  highest 
levels  of  reliability  in  all  directions.  &  we  do 
so,  we  pay  an  equally  high  price  in  the  over¬ 
design  of  parts,  with  resulting  decreases  in 
performance  or  payload. 

To  achieve  high  reliability  without  over- 
design,  then,  we  must  make  every  effort  to 
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predict  with  greater  accuracy  the  environmental 
condltloaa  to  be  encountered,  and  the  tolerance 
at  the  vehicle,  Its  structure,  and  Its  occiqMuds 
to  those  environments. 

At  the  present  time,  the  attempt  to  do  so 
entails  a  rather  extensive  cycle  of  investigation 
during  the  vehicle's  design,  (tevelcqiment,  and 
testing  phases. 

First,  the  environmental  characteristics 
(Including  time  variations)  are  estimated  for  the 
entire  anticipated  life  of  the  vehicle.  Then,  on 
the  basis  of  this  estimate,  the  vehicle's  suteys* 
terns,  components,  and  ps^  are  Individually 
designed. 

Under  such  conditions,  designing  frequently 
becomes  an  Inexact  process.  And  we  must  look 
to  develc^ment  testing  to  prove  the  tolerance  of 
the  test  articles,  as  well  as  to  Increase  the  ac¬ 
curacy  of  our  original  environmental  estimates. 
In  many  cases,  the  test  findings  at  this  stage 
point  up  the  need  for  redesign. 

Even  then,  we  must  go  on  to  test  the  entire 
first  article  vehicle,  not  only  to  Insure  that  all 
of  its  parts  can  tolerate  the  combination  of 
environments  Involved  during  Its  mission,  but 
also  to  again  check  the  accuracy  at  our  defini¬ 
tion  of  these  environments.  The  latter  must  be 
done,  to  give  us  the  data  needed  for  the  next 
redesign  of  any  parts  which  failed  or 
malfunctioned. 

It  sounds  like  a  complicated,  technical 
version  of  "The  House  That  Jack  Built,"  but  It 
was  this  very  same  type  of  cycle,  for  example, 
that  we  were  compelled  to  follow  in  order  to 
combat  acoustical  fatigue  in  our  development  of 
the  B-S2  and  B-58  weapon  systems. 

Nor  in  this  cycle  do  we  subject  the  vehicle 
or  its  parts  to  all  environmental  aspects  simul¬ 
taneously.  One  reason  lor  not  doing  so  is  the 
great  expense  involved  In  building  facilities 
ciqmble  of  simultaneously  duplicating  combined 
environments  throughout  the  entire  range  of 
their  severity. 

Even  without  these  facilities,  the  present 
costs,  in  time  and  funds,  of  going  through  the 
cycle  of  development  and  tests  for  but  a  single 
environment  are  extremely  high.  In  order  to 
reduce  these  costs,  without  paying  the  price  of 
reduced  reliability  or  over-design,  we  must  gain 
the  capability  of  predicting  environmental  char¬ 
acteristics  and  tolerances  to  a  much  higher 
degree  of  accuracy.  And  to  that  end,  we  solicit 
your  assistance. 


Now  let  me  briefly  review  two  envlromnental 
problem  areas  of  partleular  InqMrtaaee  to  the 
development  of  Air  Force  weapon  systems— 
structural  fatigue  induced  by  acoustical  and 
flight  environments,  and  impact  and  ^ock. 

First,  the  acoustical  environment  as  it  re¬ 
lates  to  structural  fatigue:  During  the  early 
years,  as  you  know,  we  were  concerned  with 
aircraft  noise  primarily  because  of  Its  effect  on 
the  hearing  of  flight  personnel.  Its  cumulative 
effect  was  partial  deafness.  Its  most  Immediate 
and  obvious  effect,  however,  was  impaired  com¬ 
munication,  whether  speakers  or  earphones 
were  used.  The  quality  of  earphones  was  rela¬ 
tively  low  during  that  period,  especially  in  a 
noise  environment.  And  a  major  effort  was 
required  to  hold  the  interior  noise  In  aircraft 
to  levels  permitting  reasonable  intercommuni¬ 
cation. 

Noise  levels  have  greatly  Increased  over 
the  years.  The  acoustical  power  generated  by 
the  B-52  engines,  for  exanq>le,  exceeds  that  of 
the  earlier  C-54  engines  by  a  multiple  of  10. 

On  the  basis  of  present  trends,  we  might  well 
expect  that  the  acoustical  power  generated  by 
future  power  plants  will  increase  by  a  factor  of 
10  every  few  years.  This  r^pld  Increase  pre¬ 
sents  the  extremely  challenging  problem  of  pro¬ 
tecting  our  persinmel,  as  well  as  vehicle  equip¬ 
ment  and  structure. 

The  problem  of  noise  became  especially 
severe  with  the  use  of  high-performance  engines, 
such  as  the  JOT  and  J79.  After  long  exposure 
to  a  sufficiently  high  noise  intensity,  for  exam¬ 
ple,  we  discovered  that  delicate  electronic  and 
mechanical  equipments  malfunctioned  or  per¬ 
manently  failed.  More  unexpectedly,  certain 
structural  portions  of  the  vehicles  failed  as  a 
result  of  sonic  fatigue.  And  this  problem  had 
not  been  adequately  ajH>reclated  Ity  aircraft 
designers  who  previously  had  directed  their 
efforts  towards  reducing  structural  weight. 

Considering  the  level  of  noise  we  expect  In 
Qur  future  cqmratloii,  the  problem  of  acousti¬ 
cally  Induced  fatigue  Is  one  which  merits  our 
concentrated  attention.  Indicative  of  the  Impor¬ 
tance  we  attach  to  this  problem  Is  the  new 
acoustical  facility  now  being  constructed*  at 
Wright  Field.  It  will  provide  a  test  environment 
of  l-mlUlon  watts  of  acoustical  power,  or  more 
than  100  times  the  acoustical  power  produced 
by  one  of  the  earlier  sonic  fatigue  faciliUes 
completed  in  the  mlchlle  1950' s. 

The  cost  of  this  facility  will  exceed  $8  mil¬ 
lion,  and  It  becomes  oovlous  that  the  flnanclaj 
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burdm  Involvtd  in  attempting  to  keep  pace  with 
the  requirementa  of  our  future  aeroapime  vehi- 
clea  will  be  an  almoet  prohibitive  one.  All  of 
ua,  therefore,  must  redouble  our  efforta  to  find 
otter  methods  to  get  this  Job  done,  whether  by 
use  of  reduced  scale  models  or  by  (Alter  means. 

In  this  same  structures  area,  the  repeated 
loading  (A  aerospace  structures,  that  is,  low- 
frequency  fatigue,  still  remains  a  major  obsta¬ 
cle  to  flight  safety. 

Tte  progress  we  have  made  has  teen  en¬ 
couraging,  but  much  more  remains  to  be  done. 
For  ttumple,  if  we  are  to  have  reliable,  light¬ 
weight,  flight  vehicle  structures  with  an  adequate 
service  life,  we  must  know  tte  magnitude  and 
occurrence  frequency  of  flight  loads  and  envi¬ 
ronments,  the  distrll^lon  of  tte  loads  through¬ 
out  the  structure,  the  strength  and  life  charac¬ 
teristics  of  construction  materials,  and,  ntost 
Important,  we  must  be  able  to  accurately  predict 
structural  life  as  a  function  of  operating  hours. 

We  must  develop  tte  analytical  tools  and 
procedures  necessary  to  process  mass-data  so 
that  meaningful  interpretations  in  terms  of 
structural  life  can  be  made.  We  must  know,  for 
example.  Just  how  old  our  flight  vehicles  are, 
how  many  "fatigue  birthdays"  they  have  had,  and 
how  many  more  they  can  go  on  to  celebrate. 
Gaining  this  kind  of  knowledge  is  tte  principal 
objective  of  the  Air  Force's  structural  integrity 
program. 

To  that  end,  we  presently  are  working  on 
tte  development  of  a  compact,  lightweight  in¬ 
strument  which  will  be  able  to  continuously 
record  flight  loads  over  a  period  of  time  cover¬ 
ing  an  entire  aerospace  mission.  By  no  means 
have  we  solved  all  the  development  problems 
involved.  But,  someday,  we  iK^e  to  Install  this 
Instrument  in  a  percentage  of  all  first-line  aero¬ 
space  vehicles.  Tte  data  will  be  processed  and 
analysed  in  automatic  data  processing  facilities. 
And  it  will  be  used,  not  only  to  strengthen  struc¬ 
tural  design  criteria,  but  also  to  (tetermlne  load¬ 
ing  histories.  By  this  means,  we  also  nmy  be 
able  to  mate  rational  estimates  of  residual 
structural  life. 

Now  let's  turn  briefly  to  tte  problem  of 
shock  and  impact,  more  qwclfically  to  tte  area 
of  dynamic  loads,  tte  equivalent  of  tte  shock 
envinmment  in  fll^  vehicle  (deration; 

During  World  War  n,  we  required  maximum 
performance  from  our  aircraft,  and  then  some. 
As  a  result,  serious  failures  occurred  in  tte 
horiaontal  stabilisers  and  landing  gear.  Studies 
and  tests  revealed  that  dynamic  landing  loads 


were  responsible,  and  a  new  facet  of  structural 
dynamics  was  emphasised.  Environmental  data 
and  statirtieal  information  were  needed  to  char¬ 
acterise  landing  speeds  and  attitudes.  And  also 
required  were  analysis  metiiods  and  test  data  to 
provide  design  criteria  and  to  validate 
approaches. 

As  a  test  pilot  toward  the  end  (A  World  War 
n,  I  recall  taking  part  in  a  program  to  obtain 
data  on  aircraft  landing  loads.  After  I  had  made 
an  especially  hard  land^.  I  asked  the  project 
engineer:  "Was  that  a  hard  landing?"  His  reply 
then  and  many  times  later  was:  "Yes,  but  make 
tte  next  one  harder  I" 

Perhaps  this  Indicated  tte  seal  of  our  envi¬ 
ronmental  data-gatterers,  or  tte  eternal  con¬ 
test  between  theory  and  practice. 

In  any  event,  the  investment  in  these  tests 
and  studiea  paid  off  in  methods  for  rectifying 
the  problems  on  the  flexible  landing  gear  and 
aircraft  components  and  for  effecting  reasonable 
corrective  actions. 

As  it  was  then,  however,  our  real  need  now 
is  to  be  able  to  anticipate  and  prevent  problems, 
to  minimize  retrofit  actions,  and  to  assure  suc¬ 
cessful  performance  at  tte  complete  system. 

To  that  end,  we  have  sharpened  design  analysis 
and  prediction  procedures  through  research  and 
weapon  system  information.  And  we  have  been 
able  to  define  environments,  such  as  vertical 
landing  or  sink  speeds,  tte  roughness  of  run¬ 
ways,  and  so  on,  by  means  of  significantly  im¬ 
proved  statistical  information  obtained  from 
newly  developed  devices. 

We  have  svpported  tte  develqjxnent  of 
such  instruments  as  an  ultrasonic,  automatic, 
all-weather,  rate-of-descent  measuring  device 
and  an  automatic-surveying  cart  which  nq>idly 
measures  the  varying  heights  of  runways  and 
taxiways. 

Together  with  the  National  Aeronautics 
and  Space  Agency  and  the  Federal  Aviation 
Agency,  we  are  investigating  the  use  of  flight 
simulators  to  define  sink  speeds  and  their  sta¬ 
tistical  nature  for  more  advanced  aircraft,  such 
as  tte  supersonic  transport, 

Thus,  we  have  a  continuaus  program 
underway  to  define  environments,  design  crite¬ 
ria,  specifications,  and  methodologies  for  dy¬ 
namic  load  problenw  at  advanced  vehicles. 

This  program  will  extend  into  the  aeroqiace 
era  where  new  (fynamic  load  problems  will 
occur  due  to  docking,  rendezvous,  intercon¬ 
nected  bodies,  and  landings  on  new  and  poorly- 
defined  planetary  environments. 
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In  yet  another  direction,  shock  and  vibration 
aspects  also  come  Into  play  when  nuclear  weap¬ 
ons  effects  are  Involved.  Here,  the  objective 
might  be  to  define  the  behavior  and  vulnerability 
of  aerospace  vehicles  and  to  develc^  hardening 
effects.  Nuclear  explosions  provide  short- 
duration  and  hlgh-lmpulslve  loads,  such  as  pres¬ 
sures  or  blasts,  heat  and  radiation  Inducing 
spallation,  fracture,  and  dynamic  buckling  In 
structures.  These  structural  effects,  which  are 
relatively  new  In  the  engineering  sense,  but 
much  older  In  the  research  field,  were  recently 
the  subject  of  a  special  Aeronautical  Systems 
Division  Symposium— "Structural  Dynamics 
Under  High  Impulse  Loading."  The  Symposium 
contributed  greatly  to  the  Interchange  of  knowl¬ 
edge  In  an  area  of  special  significance  to  our 
defense  program. 

Finally,  let  us  consider  environmental 
problems  as  they  directly  relate  to  two  of  the 
advanced  aerospace  systems  we  are  nmnaglng 
at  the  Aeronautical  Systems  Division— first,  the 
X-20  Dyna-Soar  manned  space  gilder,  and  sec¬ 
ond,  the  GAM- 87  Skybolt  air-launched  ballistic 
missile,' 

To  be  boosted  Into  orbital  flight  by  a  Titan 
in  booster,  the  winged  X-20  Dyna-Soar  glider 
will  be  brought  back  to  earth  in  a  gliding  maneu¬ 
ver  under  the  pilot's  control.  One  of  the  Initial 
objectives  of  Uils  program  will  be  to  determine 
a  pilot's  ability  to  re-enter  the  earth's  atmos¬ 
phere  from  space  In  a  winged,  maneuverable 
craft,  and  land  It  completely  under  his  control. 

The  name  Dyna-Soar  Is  derived  from  Dy¬ 
namic  and  Soaring.  It  means  that  the  vehicle 
will  use  both  centrifugal  force  and  aerodynamic 
lift. 

Centrifugal  force  will  sustain  the  gilder 
when  It  attains  orbital  speed,  about  18,000  miles 
per  hour.  At  this  speed.  It  will  be  flying  just 
fast  enough  to  offset  the  pull  of  earth's  gravity. 

The  glider  will  ^  emaln  In  orbit  like  a  satel¬ 
lite  until  the  pilot  decides  to  return.  Then,  after 
he  fires  retro- rockets  to  decrease  Its  orbital 
speed,  the  glider  will  enter  the  earth's  atmos¬ 
phere  In  a  long  glide. 

The  craft's  wings  will  give  It  aerodynamic 
lift  and  nuuieuverablllty  as  It  descends  through 
the  atmosphere.  And  the  combination  of  high 
speed,  ex^eme  altitude,  and  maneuverability 
will  permit  the  pilot  to  shorten  or  lengthen  his 
glide  by  thousands,  of  miles,  and  to  maneuver 
far  to  the  right  or  left  of  his  flight  path  to  reach 
his  landing  site.  Landing  the  Dyna-Soar  should 
be  no  more  complicated  than  landing  a  modern 
jet  fighter  or  the  X- 15  research  airplane. 


Parts  of  the  surface  of  the  Dyna-Soar  will 
be  heated  In  varying  degrees  from  2000  to  4000 
degrees  Fahrenheit.  The  pilot  will  remain 
comfortable  In  a  coelqplt  kept  at  room  tempera¬ 
ture.  The  air  In  front  of  the  glider— the  stag¬ 
nation  area— will  heat  iq)  to  20,000  degrees  or 
more.  This  super-hot  air,  or  plasnw,  will  be¬ 
have  differently  from  air  as  we  know  it.  Flow¬ 
ing  back  over  the  craft  as  it  re-enters  the 
atmosphere,  it  will  appear  luminous,  much  like 
a  shooting  star  blazing  across  the  sky. 

The  Dyna-Soar  will  be  constructed  of  hlgh- 
nlckel-alloy  steel,  molybdenum  or  columbium, 
and  ceramic  materials  highly  resistant  to  heat. 
Unlike  nose  cones  coated  with  an  abla  ive  mate¬ 
rial  which  can  boll  off,  the  Dyna-Soar  glider  will 
radiate  heat  from  Its  surfaces  back  to  the 
atmosphere. 

The  nose  cone  of  an  Intercontinental  ballis¬ 
tic  missile  plunges  back  into  the  atmosphere  in 
a  matter  of  seconds  and  must  endure  even  higher 
temperatures,  although  for  a  relatively  short 
time.  In  contrast,  Dyna-Soar  will  return  in  a 
more  leisurely  manner  and  will  take  a  longer 
time,  over  30  minutes,  to  dissipate  Its  heat. 

Early  X-20  Dyna-Soar  flights  will  be  nutde 
at  more  than  20  times  the  speed  of  sound  and 
will  last  for  more  than  1  hour.  They  will  pro¬ 
vide  us  with  a  means  of  conducting  research  and 
development  in  a  true  flight  environment. 

Most  Important  from  our  stanchmint,  Dyna- 
Soar  will  point  \q>  the  dominant  role  that  heating 
can  play  as  a  complicating  environmental  factor. 
And  it  will  emphasize  the  need  to  obtain  system 
reliability  of  the  highest  degree  without  the 
penalties  of  over-design. 

Our  GAM' 87  Skybolt  ballistic  missile  also 
presented  us  with  unusual  problems  related  to 
the  environmental  factor.  This  missile  was 
designed  to  be  launched  from  bombers  of  the 
B-52  type.  Following  a  ballistic  trajectory 
above  the  atmosphere,  It  was  planned  to  travel 
at  hypersonic  speeds  to  a  pre-determined  tar¬ 
get  some  1000  miles  away. 

Unusually  severe  environments  of  noise, 
vibration,  and  shock  required  our  special  atten¬ 
tion  to  assure  equipment  and  accessory  reliabil¬ 
ity.  And  since  the  missile  was  to  be  csurrled  on 
a  mother  aircraft.  It  required  a  longer  service 
life  and  significantly  Increased  fatigue- resistant 
characteristics.  As  a  result,  specifications 
were  revised  and  qualification  tests  were  made 
to  update  procedures  and  to  devel(q>  criteria 
which  took  Into  consideration  both  the  vehicle 
and  Its  environment. 
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Noise  and  vibration,  resulting  from  repeated 
engine  run>up  and  take-off  operations  of  the 
carrier  aircraft,  provided  the  most  severe  en¬ 
vironment  for  the  entire  missile,  as  we  Initially 
expected  and  later  verified  by  measurements. 

The  re-entry  portion  of  the  missile  was  expected 
to  encounter  Its  most  severe  environment  due  to 
aerodynamic  turbulence  and  buffeting.  Our 
efforts  to  reduce  size  and  weight  focused  on 
fatigue  of  skin  panels  and  light  structure,  and 
protection  for  the  small  equipments  against  the 
shock  and  vibration  environments. 

Insofar  as  the  future  is  concerned,  we  feel 
that  shock,  vibration,  and  associated  environ¬ 
ments  will  play  an  ever  greater  role  In  the  de¬ 
sign  of  our  aerospace  vehicles. 


We  will  have  to  expand  our  test  facilities. 
We  will  have  to  obtain  environmental  data  on  a 
more  accurate  and  timely  basis.  And  we  will 
have  to  firm  up  our  desl^  rules  for  obtaining 
a  given  tolerance  in  vehicle  parts. 

Above  all,  we  will  have  to  insure  that  we 
get  the  greatest  possible  returns  from  the 
resources  given  us  to  get  the  job  done. 

In  the  final  analysis,  our  success  will 
depend,  as  It  always  has,  on  how  well  we  apply 
our  combined  talents  to  the  task  at  hand. 


* 


* 


5 


Section  1 


ENVIRONMENTAL  PROBLEMS  OF  THE  NEXT  TEN  YEARS 


ADDRESS 


Dr.  Paul  A.  Siple 

Scientific  Advisor,  Army  Research  Office 
Office,  Chief  of  Research  and  Development,  DA 


Despite  progress  over  the  past  2  decades 
toward  solving  natural  and  man-made  environ¬ 
mental  problems  affecting  Army  materiel,  equip¬ 
ment,  personnel,  and  operations,  the  effort  must 
be  increased  and  continued  during  the  nmct  10 
years.  Attrition,  deterioration,  dissipation  of 
effort,  as  well  as  loss  of  time  and  money,  con¬ 
tinue  to  place  the  role  of  environment  on  a  par 
with  control  of  potential  political  enemies.  Ef¬ 
fective  control  of,  or  adaptation  to,  natural  and 
Induced  environment  may  well  be  considered  as 
the  measure  of  achieving  imbalance  of  power 
between  two  opposed  military  forces.  The  Army 
considers  its  major  R&D  problems  to  be  fire¬ 
power,  mobility,  communications,  and  survival, 
although  upon  examining  these  areas  closely, 
one  immediately  sees  that  each  of  these  func¬ 
tional  areas  resolves  down  to  materiel  and 
design  to  cope  with  limiting  effects  of  some 
form  of  natural  or  induced  environment.  There¬ 
fore,  one  might  be  permitted  to  paraphrase  the 
Army  R&D  problem  as:  the  design  of  equipment 
and  techniques  by  means  of  which  our  military 
personnel  can  control  large  or  small  scale  com¬ 
bat  operations  in  any  natural  or  induced 
environment. 

The  variability  of  environment  in  character, 
intensity,  and  duration  is  every  bit  as  complex 
as  the  innumerable  choices  of  secret  plans  by  an 
enemy  to  control  his  defenses  and  offenses.  It 
is  logical  to  assume,  however,  that  through  sci¬ 
entific  understanding  the  probabilities  of  pre¬ 
dicting  and  outwitting  environmental  opposition 
is  potentially  greater  because  neither  secrecy 
nor  volltiim  are  inherent  in  the  physical  princi¬ 
ples  by  which  the  inanimate  environmental 


enemy  behaves.  Why  then  has  our  task  to  impose 
our  control  over  the  opposing  forces  of  nature 
been  so  difficult?  Have  our  designs  of  equip¬ 
ment  and  techniques  been  lacking  adequate  envi¬ 
ronmental  criteria?  Has  our  effort  to  under¬ 
stand  the  scientific  nature  of  environment  been 
too  primitive  ?  Have  we  left  as  a  calculated  risk 
too  much  to  chance  ?  Have  our  designs  been  in¬ 
creasing  in  complexity  and  vulnerability  faster 
than  we've  learned  to  control  the  newly  Induced 
environments  they  create  ?  Or  has  communica¬ 
tion  between  the  students  of  environment  and  the 
designers  of  military  materiel  and  techniques 
been  Imperfect?  Perhaps  it  is  some  of  each. 

Let  us  briefly  examine  the  fundamental 
nature  of  shock,  vibration,  and  related  environ¬ 
ments  to  see  where  our  future  research  effort 
can  best  be  applied  to  the  problems  of  environ¬ 
mental  control. 

If  we  reduce  the  problem  of  coping  with 
random  impulses  to  its  least  common  denomi¬ 
nator,  we  must  assume  that  the  responses  are 
in  the  molecular  or  atomic  structure  of  matter. 
These  fundamental  particles  have  apparently  a 
limited  set  of  mechanical,  chemical,  thermal, 
and  electromagnetic  responses  numifested  In 
change  of  size,  motion,  and  reaction  time.  Sci¬ 
entific  laws  of  adequate  practical  application 
make  our  understanding  of  these  reactions  for 
any  induced  inqmlse  fairly  predictable.  Reac¬ 
tion  time  between  an  induced  impulse  and  a 
molecule  or  atomic  particle  seems  to  be  the 
critical  stage  involved  in  responses  leading  to 
problems  of  practical  control  over  the  random 
effects  of  environment.  We  may  assume  that 
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there  are  three  levels  of  reaction  time  <a  funda¬ 
mental  particles  which  frame  the  problem  area: 

1.  Reaction  times  sufficiently  fast  to 
absorb  the  energy  of  Induced  impulses  without 
damage  to  materials. 

2.  Reaction  times  so  slow  that  their  inertia 
to  Impulses  produce  no  apparent  measurable 
response  or  progressive  deterioration  of 
materials. 

3.  Reaction  times  generally  falling  in  a 
range  between  10*^  and  10^^  seconds  where 
responses  (within  the  greater  range  of  10'^° 
and  10^^*^)  produce  accumulative  deterioration 
of  materl^s. 

Reaction  time  here  Includes  response, 
relaxation,  or  apparent  resistance  to  any  im¬ 
pulse  whether  it  be  physical  motion,  thermal, 
electromagnetic,  or  chemical  in  nature. 

Our  greatest  success  in  dealing  with  prob¬ 
lems  of  shock,  vibration,  and  other  environ¬ 
mental  Impulses  seems  to  have  been  where  we 
have  successfully  introduced  fast  reaction  time 
absorbers  of  energy  on  the  one  hand,  such  as 
pneumatic,  hydraulic,  and  elastic  systems  (l.e., 
as  in  tires,  transmissions,  and  breaking  and 
cushioning  processes).  On  the  other  hand,  we 
have  made  advances  through  strengths  of  ma¬ 
terial,  design,  miniaturization,  and  immobiliza¬ 
tion  of  materials  to  increase  the  advantages  of 
slow  reaction  time.  Translation  of  shearing 
strains  along  lubricated  planes  to  energy  absorb¬ 
ing  points  has  also  been  notably  successful, 
although  inventive  genius  in  fast  reaction  time 
junctures  at  the  strain  joints  between  rigid  ma¬ 
terials  has  been  less  apparent.  As  a  layman  In 
this  audience  of  design  specialists,  I  may  be 
simply  exhibiting  my  naiveness  when  I  predict 
that  in  the  10  years  ahead  the  greatest  advances 
In  the  field  of  shock  and  vibration  may  be  ex¬ 
pected  in  the  designing  of  fast  reaction  time 
molecular  junctions  connecting  rigid  frames 
subjected  to  high  "g's."  Our  progress  also  must 
be  directed  to  the  elimination  of  Intermediate 
reaction-time  {dienomena  which  weaken  molec¬ 
ular  bonds  of  materials  whether  it  be  by  intro¬ 
ducing  Caster  or  slower  reaction  time  funda¬ 
ment^  particles  selectively  within  heterogene¬ 
ous  systems  subjected  to  stress  and  strains. 

To  make  progress  in  scientific  control 
over  environmental  impulses,  deteriorating  mil¬ 
itary  devices  and  techiUques,  it  is  essential  that 
the  designers  know  the  character,  frequency, 
and  dun^on  of  the  impulses  emanating  frmn 
the  envlraoment.  The  students  of  natural 


environment  have  tried  to  improve  their  descrip¬ 
tions  of  environment  along  these  lines;  however, 
they  have  had  insufficient  guidance  from  design¬ 
ers  as  to  the  kinds  of  impulses  that  matter  most 
or  the  sorts  of  environmental  criteria  that  are 
most  essential.  The  designer  may  feel  equally 
lost  by  the  i^yslcal  geograidier's  terminology 
assuming  that  it  is  wholly  Inadequate  and  inap¬ 
plicable  to  his  engineering  formulae. 

Apropos  of  this  situation  and  my  earlier 
remarks  it  may  be  well  to  recall  the  words  and 
guidance  expressed  by  Lieutenant  General 
Arthur  G.  Trudeau,  the  recent  Army  Chief  of 
Research  and  Development,  when  he  addressed 
the  30th  Symposium  on  Shock  and  Vibration.  He 
stressed  two  questions  which  I  find  myself  here 
today  attempting  to  discuss.  He  asked  you  then: 
"What  is  the  true  nature  of  natural  and  Induced 
environment,  and  how  can  we  more  closely 
simulate  them  to  remove  postulation  and  guess? 

The  second  question  was:  "How  do  we  make 
the  geographer,  who  is  our  expert  in  natural 
environment,  and  the  engineer- scientist,  who 
studies  our  induced  environment,  talk  a  common 
language  ?"  He  also  stated  that  U  you  do  both, 
we  will  have  gone  a  long  way  to  a  real  control 
of  our  designs  in  the  ultimate  area  of  use. 

A  year  later  I  find  myself  here  today  as  a 
geographer  trying  to  breech  this  language  barrier 
with  you  engineer-scientists.  Perhaps  some 
advantage  may  be  gained  if  I  attempt  to  analyze 
how  we  students  of  the  natural  environment  have 
been  attempting  to  solve  our  part  of  this  mutual 
problem.  We  plqrslcal  geographers  and  related 
geophysical  scientists  Inherited  systems  of  ob¬ 
servational  techniques  udiich  have,  as  in  the  case 
of  meteorology,  provided  a  climatic  network 
over  much  of  the  globe;  from  the  geologists  and 
physiographers  we  obtain  land-form  descrip¬ 
tions;  from  the  biologists  we  derive  ecological 
patterns;  and  from  other  geophysical  science 
we  assemble  existing  data  from  glaciology,  geo¬ 
magnetism,  oceanography,  and  so  on.  In  short, 
the  geographic  environmental  specialist  deals 
with  a  large  number  of  scientific  disciplines; 
and,  through  his  principle  tool  —  m{q>s  -  he 
attempts  to  depict  the  character,  intensity,  dis¬ 
tribution,  and  temporal  factors  of  the  earth 
sciences.  We  who  have  fostered  Army  environ¬ 
mental  research  have  assumed  that  if  the  RftD 
designers  and  testers  of  materials  and  equip¬ 
ment  could  establish  the  perfornumce  rating  of 
line  items,  factor  by  factor,  or  field  prove  tlsm 
at  well-instrumented  test  sites,  then  we  could, 
through  terrain  evaluation,  analogues,  and 
environmental  analysis,  tell  the  militiu^  oper¬ 
ations  personnel  where  over  the  world  the  items 
in  combat  will  function,  or  otherwise,  have 
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known  limitations.  Our  test  sites  over  the  past 
decade  include  the  Yuma,  Arizona  site  for  desert 
testing;  Greeley,  Alaska,  Churchill  Manitoba 
and  Greenland  sites  for  cold  weather  and  polar 
testing;  Panama  site  for  tropical  testing  as  well 
as  the  other  proving  grounds  and  test  board 
sites  variously  located  around  the  United  States 
to  round  out  the  temperate  zone  means  of 
evaluation. 

Although  notable  progress  has  been  made 
in  this  system,  designed  to  link  test  performance 
of  military  equipment  with  predicted  perform- 
aiu:e  elsewhere  in  the  world,  it  alone  appears 
inadequate  to  solve  our  requirements  for  the 
next  decade.  Our  Army  R&D  goal  is  to  provide 
the  combat  units  with  end  items  that  will  func¬ 
tion  as  Intended  no  matter  where  or  in  what 
natural  environment  they  are  placed.  The  In¬ 
ability  to  give  this  assurance  stems  from  fac¬ 
tors  which  lie  in  the  roots  of  our  deliberations 
here  this  week.  Let  us  examine  some  of  the 
problems  further,  and  see  if  we  can  hope  to  do 
anything  about  them. 

The  military  requirements  for  new  devel¬ 
opment  items  provide  a  limited  and  usually  in¬ 
adequate  set  of  environmental  design  criteria. 
Loopholes  are  provided  and  generally  used  like 
a  sieve;  l.e.,  in  the  course  of  development  a 
waiver  of  requirements  for  meeting  environ¬ 
mental  criteria  may  be  granted  if  development 
costs  are  seriously  increased,  development  time 
Is  lengthened,  or  the  item  becomes  too  heavy, 
bulky,  or  interferes  with  other  design  criteria. 
The  approvers  of  environmental  waivers  gen¬ 
erally  reason  that  the  bulk  of  items  will  not  be 
subjected  to  extreme  environments  and  are, 
therefore,  not  essential.  K  the  designers  incor¬ 
porate  new  features  and  capabilities  into  their 
new  end  items,  the  users  tend  to  develop  new 
techniques  which  promptly  tend  to  subject  the 
item  to  new  environmentiU  stresses  not  con¬ 
templated  by  the  designers.  Environmental 
extremes  are  conservative  and  statistically 
valid,  but  to  many  they  seem  unreasonably 
severe.  Actually  they  have  to  be  severe  be¬ 
cause  items  which  undergo  successful  tests  by 
trained  engineers  will  not  perform  equally  as 
well  in  the  hands  of  less  ctqnble  users  and  under 
the  inadequate  maintenance  resultii^  from  com¬ 
bat  conditions.  Production  models  are  some¬ 
times  not  as  well  tooled  as  preproduction  test 
items,  therefore  ’'environmental-slinwge" 
occurs.  For  a  long  time  there  has  been  a  design 
and  testing  goal  of  -65°F  for  many  Army  items. 
No  one  seriously  dxpects  that  these  items  will 
be  subjected  to  combat  at  this  temperature  mini¬ 
mum.  ff ,  however,  the  designers  were  to  aim 
at  a  more  practical  goal  of  -20°  to  -40°  F,  which 
is  not  an  uncommon  range  of  winter  temperature 


in  parts  of  North  America,  Europe,  and  Asia, 
then  experience  leads  us  to  believe  that  many 
items  when  poorly  maintained  in  combat  by  av¬ 
erage  trained  personnel  will  begin  to  show 
environmental  deficiencies  at  about  0°F. 

These  are  practical  considerations;  how¬ 
ever,  another  real  and  more  scientifically  dif¬ 
ficult  aspect  is  also  present.  Even  if  we 
assume  that  designers  and  geographic  environ¬ 
mental  specialists  are  in  good  communication 
over  the  meaning  of  specific  design  tempera¬ 
tures,  wind,  humidity,  surface  hardness,  and 
confi^ratlon,  we  find  that  in  practice  the  com¬ 
binations  of  individual  factors  in  endless  vari¬ 
ations  tend  to  create  new  and  different  environ¬ 
mental  stresses.  Temperature  and  wind  in 
various  combinations  vary  the  rate  of  heat  loss 
or  gain.  Wetness  or  ice  on  a  slope  reduces 
friction.  Rain  on  clay  reduces  bearing  hardness 
and  introduces  stickiness  or  slickness. 

The  geographic  environmental  specialist  is 
aware  of  these  variables  and  has  been  trying  to 
deal  with  combinations  of  environmental  factors; 
but,  he  soon  runs  into  contbinations  and  permu¬ 
tations  so  complex  that  either  his  data  is  inade¬ 
quate  or  the  resultant  possible  variations  become 
too  complex  to  map  by  his  traditional  methods. 

The  designer  is  also  aware  of  these  endless 
variations  of  combined  environmental  factors. 

He  may  also  get  lost  in  the  earth  scientist's 
definitions  because  they  are  not  couched  in  terms 
applicable  to  his  design  formulae.  H  I  under¬ 
stand  the  R&D  designer's  needs  properly,  he 
essentially  wants  to  know  the  nature  of  environ¬ 
mental  impulses,  their  intensity  and  duration  in 
order  to  match  them  to  the  reaction  times  of 
molecular  and  atomic  materials  he  has  chosen 
to  meet  other  military  requirements. 

It  is  .here  that  I  place  the  most  critical 
problem  facing  us  in  the  field  of  vibration,  shock, 
and  related  environments  for  the  next  decade. 
There  is  no  key  presently  available  to  translate 
environmental  impulses,  as  used  by  designers, 
vdiich  can  match  the  eai^  science  data  in  a 
manner  that  permits  world-wide  prediction  of 
performance  of  end  items.  It  is  not  likely  that 
either  the  designers  or  the  environmental  spe¬ 
cialists  can  bridge  this  g^p  by  themselves.  It 
may  be  possible  that  we,  working  together,  can 
establish  a  key  which  permits  translation  over 
this  awkward  communication  barrier.  A  few 
specialists  from  both  sides  of  the  communica¬ 
tion  barrier  need  to  work  closely  together  for  a 
sufficient  time  to  develop  an  environmental  de¬ 
sign  criteria  "Rosetta  stone;"  the  key  I  envision 
will  originate  from  the  basic  nature  of  physical, 
thermal,  chemical,  and  biological  inqwlses 
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which  produce  molecular  or  atomic  reactlona. 
These  Impulses  must  then  be  organised  lido 
tables  o(  significant  ranges  udilch  the  physical 
scientists  and  design  engineers  may  already 
have  reasonably  In  hand.  Next,  this  table  must 
be  analyzed  through  research  to  determine  how 
they  can  be  related  to  the  global  environmental 
data;  l.e.,  temperature  Impulses  d  finite  Inten¬ 
sities  and  duration  must  be  Interpreted  Into  the 
climatologists'  temperature  and  solar  distribu¬ 
tion  and  duration  Iso-llnes.  The  physicists' 
measures  ai  gravitational  response  to  random 
shocks  and  vibration  encountered  over  uneven 
surfaces  must  be  translated  through  some  com¬ 
mon  denominator  to  an  equivalent  of  the  physi- 
ogriqdiers'  terrain  roughness  descriptions  of 
world  landscapes.  What  I  suggest  Is  no  light  or 
easy  task,  and  would  give  rise  to  meaningful 
new  research  which  may  consume  the  energies 
of  a  team  for  much  of  the  decade  ahead.  The 
results,  however,  would  hopefully  be  that  R&D 
designers  and  program  management  would  have 
global  evaluations  of  the  distribution  of  natural 
environmental  stress  directly  additive  or  sub¬ 
tractive  to  self-induced  environments  within 
any  end  item  produced  by  Rid). 

A  step  in  the  right  direction  might  be,  for 
example,  to  reproduce  natural  environmental 
data  on  absolute  scales.  Would  a  physical  sci¬ 
entist  more  readily  understand  temperature 
limitations  If  he  were  given  design  criteria  In 
degrees  Kelvin?  tt  might  seem  so  for  he  could, 
without  translation,  comprehend  that  absolute 
extreme  surface  temperatures  of  black  bodies 
in  calm  conditions  may  attain  heat  Impulses  of 
about  370°K  for  4  hours  at  a  time,  or  In  the 
polar  regions  with  maximal  negative  radiation 
the  same  black  body  surface  could  go  to  an 
absolute  minimum  of  about  190'’K.  It  would  tell 
him  at  once  that  In  the  latter  case  there  Is  a  40- 
percent  deviation  toward  absolute  zero  from 
normal  room  temperatures,  or  In  the  former 
case,  on  the  hot  side,  a  20-percent  increase 
over  the  same  standard  room  temperature. 
Therefore,  If  the  range  of  operation  of  a  device 
Is  limited  to  a  1-hour  Impulse  of  ±10  percent  on 
the  absolute  temperature  scale,  to  either  side 
of  room  temperature,  he  knows  very  well  that 
there  are  mdurally  occurring  temperature 
nmges  on  the  surface  of  the  earth  where  the 
device  may  be  Inoperative.  Unless  drastically 
limited,  tlm  geographer  could  tell  these  design¬ 
ers  the  mean  Kelvin  temperature  ranges  for 
specific  durations  that  a  device  should  be  able 
to  withstand  In  any  given  theater  of  military 
operation. 

On  the  other  hand  let  us  look  at  another 
means  of  approach  by  udtich  the  physicists, 
chemists,  and  engineers  could  contribute  to  the 


better  understanding  of  logisticians,  combat  re¬ 
quirement  developers,  and  geograpters.  The 
physics  handbocdi  and  other  sources  of  reference 
provide  us  by  elements  and  compounds  with  the 
properties  of  materials  affected  by  temperature, 
humidity,  pressures,  and  other  physical  or 
electromagnetic  impulses  commonly  generated 
by  natural  and  induced  environments.  These 
lists  are  cumbersome  if  one  wishes  to  find  what 
)uMK>nns  to  substances  at  or  beyond  any  specific 
level  of  impulse.  R  might,  therefore,  prove 
helpful  to  reorganise  these  lists  in  sequential 
form  showing  how  an  increased  Impulse  such  as 
temperature  causes  fundamental  property 
changes.  The  usefulness  of  such  well-organized 
lists  I  believe  would,  at  a  glance,  flag  the  phe¬ 
nomena  changes  which  might  contribute  to  mal¬ 
functions  when  design  criteria  are  established. 
Design  criteria  ought  to  be  made  with  full  sci¬ 
entific  understanding  of  effects  not  by  resorting 
to  a  blind  calculated  risk.  For  years,  the  mili¬ 
tary  have  vacillated  over  selecting  specific  en¬ 
vironmental  design  criteria  based  on  climatic 
analysis.  Designers  have  complained  that  they 
are  too  heavily  taxed  by  inqiosed  goals,  but  have 
they  really  plwed  their  arguments  on  the  table 
with  full  scientific  logic  ?  I  hope  that  Fve  made 
my  point  clear  for  achieving  mutual  understand¬ 
ing  across  an  apparent  scientific  language 
barrier. 

At  this  point  I  have  consumed  most  of  my 
allotted  time  without  saying  too  much  directly 
related  to  my  assigned  topic.  When  I  was  first 
asked  to  address  this  audience,  I  accepted, 
thinking  Fd  be  using  the  geographers  connota¬ 
tion  of  the  term  environment.  I  quickly  learned 
that  your  organization  uses  the  term  environ¬ 
ment  more  In  the  induced  sense  than  In  the 
natural  sense  that  I  was  accustomed  to.  As 
spokesman  for  the  U.S.  Army  here  today,  I 
called  for  assistance  and  soon  had  a  foot-thick 
stack  of  background  material  and  suggested 
topics  for  Inclusion.  I  do  not  hesitate  to  admit 
that  some  submissions  were  so  good  that  I 
might  easily  have  accepted  one  and  nuule  my 
preparation  easy.  In  fact,  there  was  a  superb 
10-page  listing  in  one  case  of  the  functional  Im¬ 
pact  of  natural  and  Induced  environments  giving 
the  Army  design  problems  now  and  for  the  10 
years  ahead. 

In  review  of  the  background  I  found,  how¬ 
ever,  that  the  problems  of  shock,  vlbratlm,  and 
related  environments  were  basically  a  continu¬ 
ation  of  unsolved  problems  of  the  last  decade. 
There  were  no  startling  new  environmental 
problems  envisaged  as  the  Army  proceeds  to 
enhance  Its  major  capabilities  In  firepower, 
mobility,  communications,  and  survival.  I 
decided  to  spend  my  time,  therefore,  discussing 
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the  research  needed  to  unblock  slow  progress 
In  applying  fundamental  science  to  the  old 
problems. 

In  addition  to  gradual  progress  across  the 
board  In  meeting  environmental  stresses,  the 
Army  has  been  performing  and  will  continue  to 
perform  research  In  the  human  factors  aspect 
of  shock  and  vibration,  as  well  as  other  environ¬ 
mental  stresses.  It  Is  one  thing  to  have  per¬ 
fection  In  equipment  reliability  under  environ¬ 
mental  stresses  of  every  sort,  and  quite  another 
to  assure  ourselves  that  the  user  or  eimapsu- 
lated  operator  Is  equally  effective.  Whereas 
most  Air  Force  and  Naval  operating  forces 
perform  their  combat  functions  from  their 
transport  vehicles,  the  Army  with  some  excep¬ 
tions  must  move  to  Its  combat  site  and  dismount 
to  perform  its  combat  miscion.  If  shock,  vibra¬ 
tion,  and  other  stresses  deteriorate  the  soldier's 
fighting  ability  by  the  time  he  reaches  the  crit¬ 
ical  moment,  he  may  not  be  at  optimum  effec¬ 
tiveness.  The  studies  by  the  U.S.  Army  and  In 
the  United  Kingdom  are  trying  to  assess  the 
quality  and  quantity  of  this  deterioration.  They, 
in  the  next  few  years,  will  be  able  to  Influence 
equipment  design  criteria,  on  the  one  hand,  In 
an  effort  to  minimize  Induced  fatigue  upon 
transported  personnel  and  still,  on  the  other 
hand,  not  overlook  potentials  of  a  biological  and 
chemical  nature  that  can  keep  or  bring  the  com¬ 
bat  soldier  close  to  optimum  efficiency  at  the 
critical  time. 

Human  engineering  has  been  making  in¬ 
creasing  Impact  upon  equipment  design  and  can 
be  expected  to  Increase  Its  Influence  In  the 
years  immediately  ahead.  Let  us  hope  that  In 
this  field,  also  composed  of  other  disciplines 
and  other  technical  languages,  a  translation  key 
In  terms  of  reaction  times  and  responses  to 
molecular  behavior  can  be  bridged  between  the 
inanimate  and  animate  structures  brought  Into 
combination. 


In  summary,  may  I  add  thid  In  the  10  years 
lUiead  of  problems  cmicernlng  shock,  vlbratloa, 
and  envlrmunental  stress,  the  U.S.  Army  expects 
simply  an  exponeidlal  rise  In  its  current  prob¬ 
lems  due  to  increasing  complexity  and  st^isti- 
catlon  of  Ita  new  RAD.  The  present  problems 
wUl  alter  little,  but  they  will  Intensify  as  we 
seek  assurance  of  freedom  from  environmental 
failures  on  the  battlefield.  Shifting  emphasis 
from  total  to  limited  warfare  potential  will  tend 
to  emphasize  the  need  to  prepare  for  quick  pre¬ 
cise  movements  of  troqps  and  equipment  from 
one  type  of  natural  environment  to  another.  We 
must  be  prepared,  as  has  long  been  our  goal,  to 
meet  the  endemic  stresses  peculiar  to  deserts, 
tropics,  and  frigid  zones.  We  must  be  prepared 
to  operate  with  equal  effectiveness  on  or  off 
roads,  In  planes,  on  mountains  and  in  valleys, 
as  well  as  on  seashores  and  among  rivers, 
swamps.  Jungles,  and  grasslands.  We  need  to 
move  faster,  communicate  more  readily  and 
always  win  our  engagements  with  minimum 
losses.  New  weapons  must  function  as  plsmned, 
and  we  must  survive  the  lethal  aggression  of 
both  the  enemy  and  the  environment. 

This  blueprint  may  seem  old  uid  faded,  but 
the  gross  requirements  are  not  altered.  The 
solutions  we  seek  from  the  designers  of  our 
Army  equipment  Is  liberation  through  science 
and  advanced  technology  from  failures  of  our 
equipment  and  logistics  in  a  new  and  unfamiliar 
geographic  setting.  If,  in  truth,  as  I  have  sug¬ 
gested,  progress  toward  this  goal  is  in  part  due 
to  Imperfect  design  criteria,  perhaps  at  this 
very  symposium  we  can  lay  the  groundwork  for 
guiding  the  research  needed  In  the  next  decade 
that  will  match  the  design  engineers'  language 
with  that  of  the  military  geogr^hers  and  human 
researchers,  so  that  those  who  must  establish 
design  criteria  will  be  certain  that  the  end 
product  can  perform  effectively  wherever  It  Is 
destined  to  go. 


mm* 
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SPACE  VEHICLE  ENVIRONMENT  AND  SOME  NASA 
FACILITIES  FOR  THEIR  SIMULATION 


Dr.  John  A.  Duberg 

Technical  Aaeiatant  to  the  Associate  Director 
NASA  Langley  Research  Center 
Langley  Station,  Hampton,  Virginia 


INTRODUCTION 

Before  this  symposium  ends,  the  first  S 
years  of  the  exploration  and  exploitation  of 
space  flight,  which  opened  with  the  launching 
of  Sputnik  I  on  October  4,  1957,  will  come  to  a 
close.  In  that  period  of  time  manned  space 
flig^  in  near-earth  orbits  became  a  reality  and 
the  United  States  established  a  program  of  space 
exploitation  for  this  decade  that  Includes  landing 
a  man  on  the  moon  and  returning  him  to  earth. 
The  nature  of  the  total  environment  for  space 
vehicle  systems  that  must  be  provided  for  is 
becoming  increasingly  clear.  If  we  are  to  build 
such  systems  sufficiently  reliable  to  launch  man 
into  space,  to  cruise  in  space  for  extended  peri¬ 
ods  of  time,  to  land  on  the  moon  or  the  planets, 
and  to  return  through  the  atmosphere,  it  is  nec¬ 
essary  that  there  be  available  on  earth  the 
capacity  to  dtqtlicate  these  environments  as 
closely  as  possible.  Such  ground  facilities  will 
provide  a  basic  understanding  of  the  design 
problems  associated  with  these  environments 
and  lead  to  systems  of  Increased  efficiency  and 
reliability. 

In  this  brief  look  at  some  of  the  important 
problems  arising  from  space  vehicle  system 
environments,  it  is  convenient  to  regard  them  in 
three  phases:  The  launch  phase  in  which  most  of 


Fig.  1  -  Time  history  of  internal  overall 
noise  level  for  Big  Joe  flight 


the  problems  are  associated  with  the  dynamic 
response  (A  the  vehicle  to  engine  and  aerody¬ 
namic  liqnits;  a  space  phase  in  which  the  prob¬ 
lems  are  associated  with  the  radiation  and 
meteoroid  particles  that  the  earth's  atmosphere 
and  magnetic  field  have  protected  us  from;  the 
atmospheric  reentry  phase  in  which  the  major 
problem  is  that  of  dissipating  the  tremendous 
kinetic  energy  of  the  vehicle  by  a  means  which 
will  reduce  the  heat  input  to  the  surface  to 
tolerable  levels. 


LAUNCH  PHASE 


Noise 

During  the  launch  phase  the  maxima  of  the 
noise  environments  around  the  space  vehicle 
are  generated  during  engine  burning  and  during 
transit  of  the  atmosphere  in  the  region  of  maxi¬ 
mum  dynamic  pressure.  These  maxima  are 
well  illustrated  in  Fig.  1,  which  displays  a  time 
history  of  the  sound  pressure  levels  measured 
Inside  a  Mercury  capsule  during  a  suborbital 
check-out  flight.  The  launching  vehicle  was  an 
Atlas.  Data  are  shown  for  the  launch  and  subse¬ 
quent  free-flight  operations  of  the  vehicle  with 
some  of  the  more  significant  events  such  as 
launch,  exit  maximum  dynamic  pressure, 
booster  and  sustainer  cut-off,  maximum  dynamic 
pressure  during  re-entry,  and  deployment  of 
drogue  and  main  parachutes.  It  should  be  noted 
that  for  this  flight  the  maximum  sound  pressure 
levels  occurred  during  maximum  dynamic 
pressure  and  are  of  aerodynamic  origin,  and 
that  the  secondary  maximum  occurred  during 
engine  bumli^  at  low  altitudes. 

tt  is  anticipated  that  two  trends  associated 
with  engine  noise  will  continue.  These  are 
illustrated  in  Fig.  2  which  shows  the  trend  of 
sound  pressure  level  and. the  frequency  at 
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Fig,  2  -  Sound  pressure  levels  and  predominant  frequencies 
at  1000  feet  from  rocket  engines 


which  most  of  the  noise  energy  is  concentrated, 
as  a  function  of  the  thrust  level  in  millions  of 
pounds.  Data  are  available  for  both  solid  and 
liquid  engines  and  have  been  normalized  to  a 
distance  of  1000  feat  from  the  engine.  Two 
aspects  of  the  figure  should  be  noted.  The  pro* 
posed  Nova  engine  can  be  expected  to  raise  the 
noise  level  at  1000  feet  by  10  to  15  db  over 
existing  engines  which  have  noise  levels  of  about 
140  db,  a  noise  level  capable  of  damaging  ground 
structures  not  designed  to  resist  such  pressures. 
The  second  aspect  is  that  the  frequency  at  which 
the  noise  from  Nova  will  peak  is  in  the  subaudi* 
bie  range  below  20  cps.  The  effect  of  such  low- 
frequency  noise  on  aerospace  and  ground 
structures  is  for  the  most  part  unexplored. 

Sound  pressure  levels  at  various  distances 
from  the  engines  are  given  in  Fig.  3  for  the 
Atlas,  Saturn,  and  Novas  of  12-  and  20-mlllion- 
pound  thrust.  It  is  anticipated  that  sound  pres¬ 
sure  levels  from  Nova,  correspondii^  to  those 
for  existing  engines,  will  be  extended  about  10 
times  their  present  distances.  If  a  level  above 
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Fig.  3  -  Noi«e  levels  as  a  function  of  dis  - 
tance  for  large  vehicles 


about  140  db  is  considered  damaging  to  conven¬ 
tional  ground  structures,  it  can  be  seen  that  an 
area  1  mile  in  radius  is  Included. 

Current  estimates  of  the  aerodynamic  noise 
that  can  be  expected  in  flight  for  the  ^>ollo  com¬ 
mand  module  are  summarized  in  Fig.  4  in  which 
sound  pressure  levels  are  plotted  as  a  function 
of  frequency  during  several  extreme  flight  con¬ 
ditions.  The  noise  levels  at  maximum  dynamic 
pressure  are  largely  aerodynamic  in  origin  and 
peak  at  about  50  cps,  and  drop  off  at  the  higher 
frequencies  as  is  characteristic  of  aerodynamic 
noise. 


Fig.  4  -  Sound  pressure  levels  as  func¬ 
tion  of  frequency  for  Apollo  command 
module  during  various  flight  phases 


Should  the  rocket  engines  that  abort  the 
capsule  be  fired  at  maximum  dynamic  pressure, 
the  highest  total  sound  level  pressures  for  the 
flight  are  antic4)ated.  The  most  significant 
change  in  the  noise  level  is  due  to  the  mglne 
noise  contribution  at  the  higher  frequencies. 
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This  eaglM  nolM  ecrntrlbation  at  tha  higiiar  fre- 
quanciea  la  mora  clearly  obaarved  In  tha  aolaa 
levala  eatlmatad  for  pad  abort  In  idilch  tha  nolaa 
la  aimoat  aolaly  from  tha  anglnaa.  During  thla 
cgiaratlon  there  la  little  or  no  over-all  vehicle 
velocity. 

Holsa  levels  Inside  the  c^Mule  are  expected 
to  be  reduced  25  to  30  db  as  la  Indicated  on  the 
lowest  curve  for  the  maximum  dynamic  pres¬ 
sure  abort  conditions. 

Fortunately,  for  the  ground  simulation  of 
noise  environment  for  space  vehicles,  Langley 
Research  Center  placed  In  operation,  some 
years  ago,  the  0-  by  6-foot  supersonic  Mach  3 
blow-down  tunnel  shown  In  Fig.  5.  This  tunnel 
Is  operated  from  a  large  tank  farm  with  a  ca¬ 
pacity  of  1/3-mllllon  pounds  of  air  at  600  psl. 
From  the  wind-tunnel  test  section  the  air  Is 
exhausted  through  a  diffuser  section  with  a  12- 
foot-dlameter  exit.  The  ]et  produces  an  Intense 
noise  field  with  over  3-mllllon  watts  of  acous¬ 
tical  power.  Surveys  of  the  noise  field  Indicate 
a  maximum  noise  level  of  162  da,  and  within  a 


several-himdred-foot  radius  of  tbs  exit,  the 
levels  are  In  excess  of  140  db.  The  spectrum 
Is  relatively  flat  in  the  near  field,  approximat¬ 
ing  ei^iles  noise,  and  In  the  far  field  decay  of 
the  hi^-frequsncy  components  yields  a  plec¬ 
trum  more  like  those  due  to  aerodynamic  noise 
measured  In  flight. 

The  tunnel  is  normally  used,  for  research 
on  aerospace  structures  under  both  aerodynamic 
heating  and  loading,  on  a  dally  basis.  Runs  of 
the  order  of  10  to  40  seconds  are  made.  The 
total  noise  eiqposure  time  and  oqperlmeids  made 
available  from  this  tunnel  operation  are  large 
compared  to  the  launch  noise  and  fll|^  eiqposure 
times  that  are  possible  with  high-thrust  launch 
vehicles. 


Dynamic  Loads 

Early  next  year,  the  Langley  Research 
Center  plans  to  put  a  new  dynamics  research 
laboratory  Into  operation.  A  plan  of  this  labora¬ 
tory  Is  given  In  Fig.  6.  The  basic  feature  of  this 


Fig.  5  -  Langley  9-  X  6-foot  thormal  atructures  blow-down  tunnel 


60'  VACUUM 


95'  VACUUM 


SPHERE  CYLINDER 


Fig.  6-  Plan  of  dynamic  research  laboratory 


laboratory  is  that  it  permits  a  number  of  envi¬ 
ronments  to  be  combined  with  the  dynamic  load¬ 
ing  tests.  Two  large  vacuum  tanks  are  included, 
one  of  which  Is  to  be  employed  in  research  work 
on  space  guidance  and  control  systems.  The 
other  is  a  55-foot  vacuum  cylinder  and  is  to  be 
used  for  combined  vacuum  and  dynamic  loading. 
A  smaller  chamber,  7  by  7  feet,  will  also  be 
available  for  more  complex  environments. 

A  cross  section  of  the  55 -foot  cylinder  is 
shown  in  Fig.  7.  The  centrifuge  located  below 
the  floor  is  capable  of  applying  a  steady  100 
earth  "g"  loading  to  a  500-pound  test  article. 

A  12-cubic-foot  volume  can  be  handled  with 
only  small  gradients  of  the  steady  acceleration. 
A  3000-pound  random-force  shaker  is  mounted 
on  the  rotating  arm  and  these  forces  can  be 
superposed  on  the  steady  ones.  The  vacuum 
that  can  be  maintained  is  10-^  mm  of  Hg.  The 
facility  has  been  designed  so  that  pressures 
corresponding  to  25,000  feet  altitude  can  be 
restored  in  10  seconds,  and  sea-level  condi¬ 
tions  in  30  seconds,  in  order  that  tests  in  whihh 
men  are  involved  can  be  run  with  safety. 


The  smaller  vacuum  chamber  is  shown  in  I 
some  detail  in  Fig.  8.  Test  articles  sunmrted  | 
on  the  backstop  can  be  loaded  by  a  shaker  of  I 

2000-pound  capacity  in  the  range  of  5  to  5000  | 

cps.  The  vacuum  chamber  which  encloses  the  | 
test  article  is  capable  of  being  evacuated  to  10-^  ’ 

mm  of  Hg.  In  addition,  quartz  lamp  heaters  can 
maintain  test  specimen  temperatures  of  2000'’F, 
and  a  cyropanel  at  liquid  nitrogen  temperatures 
can  maintain  a  temperature  as  low  as  -320°F. 

A  special  design  problem  was  the  seal  between 
the  shaker  and  the  chamber  walls;  this  has  been 
solved  by  using  a  neoprene  diiqphragm. 


Fig.  8  -  High  vacuum  combined 
environmental  chamber 


Also  under  consideration  for  possible  use 
in  this  laboratory  is  a  simulator  which  can  be 
used  to  reproduce  the  impact  and  subsequent 
relative  motion  of  space  vehicles  on  lunar  or 
planetary  surfaces  for  which  the  gravitational 
force  differs  from  that  of  earth.  This  simulator 
is  Illustrated  in  Fig.  9  and  consists  essentially 
of  two  masses  Mj  and  Mj  coupled  together 
through  a  pulley  and  cable  system.  By  suitably 
adjusting  the  masses  the  systems  acceleration 
can  be  added  to  or  subtracted  from  the  earth’s 
gravity.  Impact  between  a  payload  and  a  sur¬ 
face  can  be  made  and  the  subsequent  motion, 
relative  to  the  impacting  surface,  studied. 


Fig.  7  -  Langley  55 -foot  environmental 
research  vacuum  chamber 


SPACE  PHASE 

Flight  in  space  presents  a  number  of  new 
environments  with  which  the  vehicle  designer 
must  contend.  The  vacuum  of  space,  which  In 
itself  is  a  factor  to  be  considered,  permits  the 
relatively  free  passage  of  charged  particles, 
electromagnetic  radiation,  and  the  macroscopic 
particles  which  are  normally  observed  as 
meteorites.  The  electromagnetic  radiation  can 
alter  surface  properties,  but  mechanicsd  prop¬ 
erties  of  the  bulk  material  are  easily  protected 
by  relatively  thin  metallic  coatings.  For  ex¬ 
ample,  the  ECHO  satellite,  which  was  made  of 
an  organic  polymer  Mylar  vdiich  is  readily 
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Fig.  9  -  Proposed  impact  simulator  for  lunar 
and  planetary  gravitational  fields 


affected  by  ultraviolet,  was  adequately  shielded 
to  prevent  material  properties  loss  during  its 
lifetime  by  a  fraction  of  a  mil  of  aluminum.  It 
is,  however,  the  elementary  particle  radiation 
and  the  meteoroids  which  constitute  the  more 
serious  hazard  and  for  which  manned  space¬ 
craft  must  be  designed. 


Particle  Radiation 

There  are  three  categories  of  particle 
radiation  that  must  be  considered;  the  relative 
significance  of  each  depends  on  the  mission  of 
the  spacecraft.  They  are  the  radiation  trapped 
in  the  earth's  magnetic  field,  the  solar  flare 
protons  which  are  sporadically  ejected  from  the 
sun  and  which  may  be  encountered  by  a  vehicle 
in  space,  and  the  galactic  cosmic  rays. 

There  are  a  number  of  units  by  which  the 
amount  of  ionizing  radiation  and  the  doses 
absorbed  are  measured,  but  for  the  purposes  of 
this  discussion,  the  roentgen,  rad  and  rep  may 
be  considered  approximately  equal.  A  unit,  the 
rem,  is  defined;  it  may  be  regarded  as  an 
adjusted  value  of  rep  to  compensate  for  the  dif¬ 
ferent  biological  damaging  effects  of  the  various 
kinds  of  radiation.  Since  this  presentation  is 
limited  to  protons  in  the  range  of  0. 1  Bev  and 
higher,  the  adjustment  factor  by  which  rep  is 
increased  to  obtain  rem  is  less  than  1.5.  The 
average  lethal  dose  for  whole  body  radiation  of 
a  human  Is  450  rem;  100  would  produce  sick¬ 
ness.  Solid-state  devices  and  the  more  sensi¬ 
tive  organic  materials  are  damaged  by  doses  in 
excess  of  10^  rep. 

Figure  10  summarizes  the  Influence  of 
various  shielding  thicknesses  on  the  dose  rate 


Fig.  10  -  Maximum  radiation  dose 
rates  in  center  of  spherical  shield  for 
van  Allen  Belt  protons 


inside  a  vehicle  traversing  the  most  Intense 
portion  of  the  van  Allen  radiation  belt.  The 
ordinate  is  dose  rate  and  the  abscissa  is  shield 
weight  in  gram/cm^  of  water.  If  the  scale  of 
the  abscissa  were  increased  by  a  factor  of  2,  it 
would  correspond  closely  to  the  more  practical 
dimension— pounds  per  square  foot.  These  num¬ 
bers  Indicate  that  for  rapid  traversal  of  the 
belts,  of  the  order  of  fractions  of  an  hour,  as  do 
vehicles  of  the  Apollo  mission,  little  damage 
can  be  expected  even  to  humans  for  small 
amounts  of  shielding.  They  indicate,  however, 
that  an  earth  orbiting  vehicle,  especially  man- 
carrying,  should  avoid  this  region  by  remaining 
in  close-in  orbits  of  100  to  200  miles.  Commu¬ 
nication  satellites,  which  of  necessity  operate 
at  altitudes  of  a  few  thousand  miles  must  re¬ 
main  in  these  belts,  and  can,  especially  on  their 
surfaces,  accumulate  in  their  design  lifetime 
doses  damaging  to  such  devices  as  solar  cells. 

Space  flight  beyond  the  protection  of  the 
earth's  magnetic  field  can  expect  to  encounter, 
on  a  chance  basis,  clouds  of  solar  protons.  Fig¬ 
ure  11  summarizes  the  limits  of  total  dose 
behind  various  shield  thicknesses  for  encounters 
with  the  three  types  of  flares  that  have  been 
observed.  Data  on  more  recent  flares  do  not 
differ  substantially  from  these.  Encounters  with 
flares  of  the  August  22,  1958,  type  can  occur 
once  a  month.  Encounters  with  either  high- 
energy  or  high-flux  flares  are  less  frequent, 
perhaps  one  in  4  years  for  the  high-energy 
event  and  four  in  1  year  for  the  high-flux  event. 
For  flights  of  a  week  or  more  during  periods  of 
solar  activity,  a  significant  chance  of  an  en¬ 
counter  exists.  Protection  of  human  occupants, 
that  is,  for  doses  of  the  order  of  25  rep  or  less  . 
per  encounter,  requires  total  wall  weights  of 
about  12  grams/c^ ,  if  we  consider  the  lower 
levels  of  estimates  ^pllcable. 

In  free  space,  whether  or  not  there  are  any 
protons  due  to  a  solar  flare,  there  is  a  steady 
background  of  galactic  cosmic  rays.  The 
cosmic-ray  intensity  is  given  (Table  1)  as  2.5 
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Fig,  1 1  -  Limits  of  total  doses  in 
center  of  spherical  shields  for  sev¬ 
eral  solar  flare  proton  events 


TABLE  1 

Galactic  Cosmic -Ray  Intensity  and  Dose 
Rate  During  Years  of  Solar  Activity 


Flux 

Overall  Ionization 

(only  primary 

(no  outer  shield  except 

particles) 

body  self  shielding) 

Particles 

rem 

cm2  sec 

0-^5  week 

particles/cm^  sec  and  the  surface  dose  for  no 
external  shielding  has  been  reliably  estimated 
at  0.45  rem  per  week.  Such  radiation  is  ex¬ 
tremely  energetic  and  not  much  protection  is 
afforded  without  large  shielding  thicknesses. 

For  long  flights  of  the  order  of  years  limitation 
of  the  doses  from  these  cosmic  rays  controls 
the  design  shield  weights. 

The  Langley  Research  Center  has  proposed 
for  construction  in  Fiscal  Year  1963  a  Space 
Radiations  Effects  Laboratory.  This  facility 
will  permit  us  to  produce  on  the  ground,  space 
radiation  in  the  form  of  energetic  protons  up  to 
energies  of  600  Mev.  A  sufficient  flux  is  avail¬ 
able  to  irradiate  large-scale  elements  of  space 
vehicles  or  components  in  a  few  hours,  corre¬ 
sponding  to  a  year  in  the  belts.  Also  in  the 
l^ratory  will  be  a  linear  accelerator  capable 
of  producing  electrons  in  the  1  to  10  Mev  range. 


Meteoric  Particles 

The  meteoroid  hazard  is  one  which  has 
been  found  In  recent  studies  to  be  the  controlling 
factor  in  the  design  of  the  details  of  the  struc¬ 
tural  surface  of  a  manned,  earth-orbiting,  space 


station.  The  meteoroid  flux  on  which  this  study  i 

was  based  is  summarized  in  Fig.  12.  The  ordi-  | 

nate  is  in  impacts  per  foot  8(|uare  day,  the  I 

abscissa  mass  in  grams.  The  un>er  estimate 
is  the  most  recent  due  to  Whiiqple,  the  lower  to 
Watson.  They  are  based  on  optical  and  photo-  j 
graphic  observations  and  represent  extrapola¬ 
tions  in  the  lower  mass  range.  Also  shown  are 
the  latest  direct  measurements  in  space  ob¬ 
served  by  microphone  and  break  wire  detectors. 


o  microphone  data 


MINIMUM  MASS,  GRAMS 


Fig.  12  •  Comparison  of  estimated 
and  observed  meteroid  fluxes 


It  is  significant  that  the  microphone  data 
are  trending  downward  and  it  is  yet  to  be  estab¬ 
lished  how  much  further  this  trend  will  continue 
as  the  mass  increases.  The  dashed  curve  rep¬ 
resents  a  probable  distribution  Inferred  from 
the  S-55  satellite  launched  from  Wtllops  Island, 
Va.  It  was  in  orbit  only  3  days,  but  its  instru¬ 
mentation  was  operable.  This  satellite  which 
contained  a  large  number  of  thin-walled  pres¬ 
sure  vessels  sustained  no  puncture  during  the 
flight.  The  lack  of  punctures  implies  a  distri¬ 
bution  closer  to  the  lower  estimate  of  Watson. 

On  the  basis  of  a  penetration  estimate  which  is 
based  on  experimental  data  carried  out  at 
velocities  of  23,000  fps,  a  velocity  only  one- 
fourth  the  average  velocity  of  meteoroids,  the 
penetration  statistics  for  the  aluminum  walls  of 
the  space  station  were  determined  as  function 
of  thickness.  These  results  are  summarized  in 
Fig.  13  and  indicate  that  at  a  50-percent  prob¬ 
ability  of  no  penetrations  of  the  surface  of  the 
space  station  wall  in  1  year,  thicknesses  in  the 
range  of  0.040  to  0. 125  inch  were  required. 

Studies  were  also  made  of  the  relative 
weight  of  structure  required  if  some  punctures 
are  allowed.  These  results  are  given  in  Fig.  14 
which  shows  that  significant  weight  saving  can 
be  made  if  some  punctures  can  be  tolerated. 

For  the  same  probability  of  50  percent,  allowing 
five  punctures  a  year  requires  only  one-half  the 
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Fig.  13  -  Statistics  of  penetration  of 
aluminum  surfaces 


RCLATIve 

WEMHT 


Fig.  14  •  Influence  of  expected  penetra* 
tions  on  relative  weight  of  vehicle 
surface 


wall  weight.  At  the  small  probability  of  0.005 
of  exceeding  five  punctures,  the  weight  Is  con¬ 
siderably  below  that  of  the  reference  structure. 

Simulation  of  meteoroid  Impact  and  pene¬ 
tration  in  ground  based  facilities  Is  at  present 
Inadequate  except  perhaps  in  the  range  of  the 
smallest  particles.  Figure  IS  compares  the 
velocity  of  meteoroid  particles,  as  a  function  of 
mass,  with  the  velocity  obtained  In  the  various 
present  ground  facilities.  It  is  iqiparent  that 
f  except  for  particle  masses  less  than  about  10* 
grams,  attainable  laboratory  velocities  are 
I  considerably  less  than  meteoroid  velocities. 

1^  Practical  interest  for  penetration  of  structure 

lies  in  the  range  of  10~2  to  10-4  grams  and 
clearly  in  this  range  our  present  velocity  is 
t  inadequate.  Because  of  this  fact  penetration 
I  statistics  in  space  are  to  be  obtained  by  the 
I  NASA  S->55  satellite  series.  However,  it  is  still 
I  difficult  to  obtain  Information  as  statistically 
I  significadt  as  is  desired  because  of  the  limitation 


Fig.  15  -  Compsriion  of  ground  facility 
velocities  with  meteroid  velocities 


of  the  area  of  test  surfaces  that  can  be 
orbited. 


RE-ENTRY  PHASE 


Radiation  Heating 

The  most  critical  aspect  of  design  for  re¬ 
entry  into  the  earth's  atmosphere  is  the  design 
of  the  shield  to  protect  against  the  heat  gen¬ 
erated  by  the  hl^  speed.  The  lowest  speeds  at 
which  uiqpowered  space  vehicles  can  return  to 
earth  and  enter  the  earth's  atmosphere  are  sum¬ 
marized  in  Table  2.  These  speeds  correspond 
to  minimum  energy  deep-space  missions,  which 
require  long  excursion  times,  for  example,  10 
years  for  a  trip  to  Saturn,  and  08  years  for 
Pluto.  The  latter  time  co^d  be  cut  to  about  10 
years  by  increasing  the  entry  velocity  from 
53,000  to  140,000  fvsec.  In  general,  therefore, 
we  would  like  to  consider  velocities  from  about 
40,000  ft/sec  upward  to,  say,  100,000  ft/sec  for 
future  vehicles. 

That  the  tremendous  energy  to  be  dissipated 
at  such  entry  speeds  raises  large  questions  of 
survival  Is  illustrated  In  Fig.  16.  Consider  first 
our  current  space  vehicles  with  re-entry  speeds 
ranging  up  to  36,000  ft/sec  for  Apollo.  This 
speed  corresponds  to  energy  levels  up  to  about 
27,000  Btu/lb,  which  is  higher  than  the  heat 
released  by  a  pound  of  gasoline,  and  is  5  to  10 
times  the  heat  per  pound  that  can  be  absorbed 
by  the  best  current  heat-shield  materials.  Sur¬ 
vival  of  our  current  designs  thus  depends  on  the 
fact  that  only  a  minor  fraction  of  the  total  heat 
generated  is  actually  transferred  to  a  blunt¬ 
shaped  vehicle,  the  rest  appears  as  atmospheric 
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TABLE  2 

Minimum  Earth  Re-Entry  Veloeitles  from 
Varioun  ^pace  Miasiona 


Mission 

Minimum  Re-entry 
Velocity  (ft/sec) 

ICBM 

22,000 

Near-Earth  Satellite 

26,000 

4000-Mile-Orbit  SateUlte 

30,000 

24-Hour  Satellite 

34,000 

Lunar 

36,000 

Venus 

38,000 

Mars 

39,000 

Mercury 

45,000 

Jupiter 

47,000 

Uranus 

52,000 

Pluto 

53,000 

Sun's  Surface 

95,000 

VEHICLES 


ENERGY  RELEASE  OR 
AeSORPTtON 


Fig.  16  -  Comparison  of  kinetic  energy 
per  povind  for  various  missions  with 
energy  released  or  absorbed  in  various 
energetic  processes 


heating  through  the  action  of  shock  waves.  U 
we  look  at  stiU  hi^r  speeds,  we  are  impressed 
by  the  survival  limit  for  natural  meteorites, 
about  55,000  ft/sec.  Mhn  will  have  to  make 
large  inqirovements  to  exceed  this  limit  if  sur¬ 
vival  at  100,000  it/sec  is  to  be  achieved. 

The  heating  problem  at  hl^er-than-Apnllo 
speeds  is  dominated  by  a  complex  new  heat- 
transfer  mechanism  iHiich  greatly  increases  the 


heat-load  fraction  that  must  be  accepted  by  the 
vehicle.  If  only  the  familiar  convective  heating 
had  to  be  deslgiMd  for,  the  achievement  cf 
100,000  ft/sec  would  be  clearly  possible  with 
current  heat-shield  materials.  This  is  illus¬ 
trated  by  the  dashed  line  in  Fig.  17;  the  "Heat 
Load”  is  that  part  of  the  total  Initial  kinetic 
energy  that  must  be  accepted  as  vehicle  heating 
for  a  blunt  Apollo  type^ody.  In  fact,  however, 
additional  heat  in  the  form  of  radiation  from  the 
glowing  gas  must  also  be  accepted.  This  is 
unimportant  for  Apollo,  but  at  100,000  ft/sec  it 
will  amount  to  some  10  times  the  convective 
heat  load.  An  tq^mr  limit  for  the  heat  load  of 
about  one-fifth  of  the  initial  kinetic  energy  is 
reasonable  from  consideration  of  energy  left  in 
the  wake,  radiation  away  from  the  body,  and 
other  secondary  effects.  If  we  compare  this 
heat-load  limit  with  the  heat  absorption  of  a 
candidate  material,  gr^hitc,  we  note  the  ability 
to  reach  a  speed  of  about  80,000  ft/sec,  for 
which  the  body  would  have  to  consist  entirely  of 
heat-shield  material.  This  preliminary  result 
Is  by  no  means  final  for  two  important  reasons: 
first,  the  actual  level  of  radiant  heating,  cur¬ 
rently  the  subject  cf  intensive  research,  is  in 
large  doubt,  and  it  may  be  considerably  less 
than  in  this  upper-limit  estimate;  second,  the 
effects  of  changes  of  shape  and  weight  during 
re-entry,  which  were  ignored  in  the  above  esti¬ 
mate,  tend  to  reduce  the  relative  heat  load. 

Thus  research  and  more  precise  analysis 
may  yet  make  possible  practical  space  probes 
that  can  be  designed  for  velocities  twice  as  high 
as  those  of  the  surviving  natural  meteorites. 
Manned  systems  will  almost  certainly  have  to 
be  limited  to  lower  speeds  (less  than  about 
50,000  ft/sec)  because  of  the  intolerable  decel¬ 
erations  which  develop  at  the  higher  speeds, 
even  when  modulated  lift  is  used  to  minimize 
this  problem. 

A  facility  on  the  ground  to  reproduce  the 
radiation  input  to  re-entry  shtyms  by  virtue  of 
the  exact  simulation  of  airflow  does  not  exist  at 
present  for  the  testing  of  materials  for  heat 
shields.  Because  of  this  limitation  of  the  present 
ground  facilities,  thermal  protection  systems 
are  being  tested  by  using  a  radiant  energy  source 
in  conjunction  with  the  convective  heating  of  an 
air  stream  heated  by  an  electric  arc.  At  the 
Ames  Research  Center  of  NASA  an  arc  image 
furnace  has  been  cmqpled  to  a  heated  jet  by  the 
arrangement  illustrated  in  Fig.  18. 

Because  of  the  difficulty  of  making  ground 
based  eiqierinwnts  at  extreme  velocities,  an 
advanced  NASA  flight  re-entry  research  proj¬ 
ect  designated  Project  FIRE  provides  for  two 
late  1963  launchings  of  multiexperimental, 
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Fig.  17  -  Heat  Load  absorbed  as  a  function  of  reentry  velocity 


Fig.  18  -  Entry  heating  simulator 
that  includes  radiation  input 


nonrecoverable  spacecraft  to  balllstically  re¬ 
enter  the  atmosphere  at  an  earth  referenced 
velocity  of  37,000  ft/sec.  Atlas  D  launch  ve¬ 
hicles  will  be  used,  with  the  final  velocity 
increments  provided  by  an  Antares  n  stage.  At 
the  expected  equilibrium  stagnation  tempera¬ 
ture  of  11,000°K,  the  blunt  ^^Uo-shaped  re¬ 
entry  package  will  be  exposed  to  radiative  heat¬ 
ing  rates  01  the  same  order  as  produced  by 
convective  heating.  The  primary  purpose  of  the 
project  is  to  obtain  reliable  measurements  of 
the  aerodynamic  heating  in  the  hyperbolic  veloc¬ 
ity  environment,  and  thus  provide  needed  guid¬ 
ance  in  the  assessment  of  data  from  ground 
facilities,  and  of  theoretical  prediction  methods. 
The  sum  of  convective  heating  and  absorbed 
radiation  will  be  measured  during  the  first  half 
of  the  heating  pulse,  near  peak  heating,  and  on 


the  decaying  side  by  successively  exposing 
beryllium  calorimeter  heat  shields.  During 
these  periods  direct  measurements  of  the  gas 
radiation,  both  spectral  and  total;  will  also  be 
made  over  a  sensitivity  range  of  at  least  7 
decades.  The  spectral  distribution  will  be 
measured  at  wavelengths  from  0.2  to  0.6 
micron,  and  the  Integrated  radiance  will  be 
obtained  from  0.2  to  4.5  microns.  Afterbody 
temperatures  and  static  pressures  will  also  be 
measured.  Over  300  data  channels  including 
temperatures,  radiation  intensities,  body  mo¬ 
tions,  and  pressures  will  be  obtained.  Extensive 
use  of  ground-based  radar  and  optical  equip¬ 
ment  is  planned  to  provide  a  definition  of  the 
ground  observables  associated  with  re-entry  at 
hyperbolic  velocities. 


COMCL.UDING  REMARKS 

This  brief  review  has  presented  some  of 
the  more  significant  environments  anticipated 
for  aerospace  vehicles  at  present  and  for  the 
future.  Where  possible,  ground  facilities  have 
been  or  are  being  made  available  to  explore 
their  influence  on  vehicle  design.  There  are, 
however,  some  environments  not  yet  actequately 
simulatCKl  on  the  ground  and  in  these  instances 
flight  programs  have  been  started.  It  is  anUci- 
pated  that  the  combination  of  these  ground  and 
flight  efforts  should  place  the  NASA  research 
centers  in  the  position  of  adequately  supporting 
this  country's  present  and  future  space  program. 
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ADDRESS 


Dr.  R.  O.  Burns 
Scientific  Advisor  to  the 
Deputy  Chief  of  Naval  Operations  (Development) 


The  invitation  to  me,  for  this  talk,  qiecllied 
that  I  should  try  "to  locus  attention  on  the  nature 
of  the  oivironmental  problems  likely  to  be  fac¬ 
ing  the  defense  services  within  the  next  10 
years." 

This,  of  course,  brings  us  face  to  face  with 
the  problem  of  long  range  planning.  There  are 
two  fundamental  approaches  to  this  problem. 
First,  from  the  point  of  view  of  the  scientist: 
What  things  can  be  done  to  extend  our  knowledge 
of  the  universe,  and  what  can  be  done  to  augment 
our  know-how  for  the  performance  of  identifi¬ 
able  military  functions  ?  Second,  from  the  point 
of  view  of  the  military  operator:  What  types  of 
missions  can  be  eiqiected  to  be  required,  in 
what  environment  must  our  forces  operate,  what 
kinds  of  functions  must  be  performed  in  accom¬ 
plishing  those  missions,  and  what  is  the  "mini¬ 
mum  acceptable  level"  of  performance  for  each 
class  of  function? 

Both  of  these  approaches  must  be  pursued, 
in  concert,  if  we  are  to  produce  a  comprehen¬ 
sive,  logical  plan.  I  consider  that  the  two  are 
of  equal  inqiortance,  and  further  that  they  can 
be  undertaken  in  isolation,  that  is,  without 
direct  reference  to  each  other. 

In  considering  the  first  point  of  view,  one 
can  develop  a  sense  of  proportion  for  the  future 
by  looking  into  the  past.  When  the  first  Shock 
and  Vibration  symposium  was  held  in  January 
1947,  nuclear  weapons,  guided  missiles,  gas 
turbines,  and  helicopters  were  in  their  infancy. 
Nuclear  propulsion,  hydrofoil  craft,  ground 
effects  machines,  and  systems  such  as  POLA¬ 
RIS,  ASROC,  and  SUBROC  had  not  been  bom. 

The  innovatl<ms  of  the  past  IS  years  are,  in¬ 
deed,  quite  remarkable.  One  becomes  humble 
when  asked  to  suggest  what  innovations  may 
occur  during  the  next  decade. 

Nevertheless,  I  suggest  that  operational 
predictions  appear  to  have  a  primary  role  be¬ 
cause  they  establish  the  general  vector  direc¬ 
tions  along  which  science  must  proceed  if  we 


are  to  have  the  necessary  know-how  available 
before  it  is  needed.  Accordingly,  I  propose  to 
explore,  with  you,  the  second  point  of  view. 

The  military  operate  through  the  use  of  or¬ 
ganized  forces.  Hence,  attention  must  be  cen¬ 
tered  on  complex  man-machine  systems. 

Parenthetically,  allow  me  to  emphasize  the 
fact  that  the  men  are  always  the  most  iqqrartant 
components  of  these  systems.  I  exhort  you 
never  to  forget  them  in  planning  your  work  — 
even  though  your  particular  assignment  may 
seem  to  be  oriented  wholly  to  hardware  prob¬ 
lems. 

In  this  context,  I  am  defining  a  man-machine 
system  to  be  a  complex  combination  of  men  and 
machines,  operating  in  concert,  for  the  accom¬ 
plishment  of  a  qiecified  fimction. 

In  order  to  analyze  such  systems  in  an  or¬ 
derly  manner,  one  needs  a  concept  for  structur¬ 
ing  the  problem.  A  consideration  of  forces-in- 
conflict  shows  that  there  are  a  basic  set  of  five 
functions  that  can  be  used  to  specify  an  accept¬ 
able  structure.  These  functions  can  be  described 
as  follows: 

1.  Surveillance  —  The  acquisition,  proc¬ 
essing,  and  dear-picture  diq>lay  of  information 
pertinent  to  (a)  where  are  my  friends  and  what 
are  they  doing?  (b)  where  are  my  enemies  and 
what  are  they  doing?  (c)  where  am  I?  and  (4) 
what  is  the  environment  in  which  we  all  are 
immersed?  The  ou^mt  of  a  surveillance  sys¬ 
tem  is  the  input  to  a  command-control  system. 

2.  Comnoand-Control  —  comprises  situa¬ 
tion  assessment,  decision-making,  and  orders 
pertinent  to  the  military  operation.  At  a  level 
of  force  units  and  above,  command-control  in¬ 
volves  decisions  on  tactics  and  strategy,  nothing 
more. 

3.  Nullification  —  the  application  of  force, 
either  active  or  passive,  for  the  destruction. 
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downgrading,  or  neutralization  of  enemy  actions. 
Nullification  systenas  include  weapon  systems, 
jamming  and  deception  systems,  and  so  on. 

4.  Delivery  —  the  means  for  the  placing  of 
own  elements  or  units  in  a  desired  place  and 
orientation  at  a  q>ecified  time.  Delivery  sys¬ 
tems  provide  mobility;  therefore,  they  include 
all  vehicles  and  devices,  as  entities,  that  move 
in  two  or  three  dimensions  of  space  and  in  time. 

5.  Logistics  —  the  sigiply  and  resupply  of 
people,  things,  and  services  that  are  necessary 
for  sustained  operations. 

You  will  note  that  communications  does  not 
occur  in  this  basic  set  of  functions  because  one 
does  not  communicate  for  the  sake  of  communi¬ 
cating.  Communications  is  an  organic  part  of 
each  of  the  five  basic  functions  described. 
Nevertheless,  communications  —  because  of 
both  history  and  customary  operating  proce¬ 
dures  —  usually  is  considered  as  the  sixth 
basic  function. 

These  functions  are  essential  to  all  levels 
of  complexity.  They  apply  to  the  simplest  war¬ 
fare  system  —  a  man  in  combat  without  external 
aids  —  and  equally  as  well  to  a  very  complex 
system,  such  as  the  Atlantic  Fleet. 

There  are  many  levels  of  complexity,  within 
the  military,  that  can  be  described.  However, 
three  general  levels  of  complexity  of  man- 
machine  systems  appear  to  be  adequate  for  our 
purpose;  in  the  Navy  these  can  be  described  as: 

Force  Systems  —  for  example,  a  Hunter 
Killer  Gro\g>,  a  Carrier  Attack  Force,  a  Marine 
Combat  Team,  or  the  numbered  fleets; 

Force  unit  systems  or  vehicle  systems  — 
such  as  a  destroyer,  a  carrier,  a  cruiser,  an 
amphibious  vehicle,  or  a  tank,  each  considered 
as  a  complete,  combat-ready  entity;  and 

Primary  systems  —  such  as  a  TALOS 
weapon  system,  a  destroyer  communication 
system,  or  an  integrated  shipboard  ASW  sur¬ 
veillance  system.  Primary  systems  are  sub¬ 
systems  of  a  Force  Unit  System.  In  general, 
they  represent  the  lowest  complexity  level  con¬ 
sidered  in  long  range  planning. 

Within  this  spectrum  of  complexity,  the 
vehicle  systems  aipear  to  be  those  tpon  which 
we  should  center  our  attention  at  this  sympo¬ 
sium. 

It  is  iqpon  our  vehicle  systems  that  the  force 
of  enemy  weapons  -  blast,  shock,  vibration. 


nullatlon,  and  so  on  -  is  exerted.  It  is  upon 
our  vehicle  systems  that  the  reaction  of  our 
own  weapons  —  shock,  vibration,  overpressure, 
and  thermal  shock  —  is  exerted.  It  is  tpon  our 
vehicle  systems  that  the  reaction  of  natural  en¬ 
vironment  —  wave  impact,  aerodynamic  heat¬ 
ing,  pressure,  and  so  on  —  is  exerted. 

My  primary  thesis,  then,  will  be  personal 
observations  on  trends  in  military  vehicle  sys¬ 
tems.  I  must  enq>hasize  that  these  remarks 
are  my  own  prognostications  and  have  no  offi¬ 
cial  status.  They  are  only  possibilities  gleaned 
from  reading  about  the  present  and  thinking 
about  the  future. 

Our  entrance  into  the  space  age  has  forced 
us  to  consider  the  earth  as  an  entity  —  a  unity. 
The  earth  sciences  have  become  more  impor¬ 
tant  to  us  from  both  military  and  civilian  points 
of  view. 

Geodesy,  meteorology,  and  oceanography 
are  vital  to  our  overall  consideration  of  the  en¬ 
vironment  in  which  we  are  immersed.  The  im¬ 
portance  of  geodesy  is  readily  observed  from 
the  open  literature.  Not  so  obvious,  however, 
is  the  fact  that  prediction  techniques  for  accu¬ 
rate  30-day  forecasts,  as  well  as  5-day  and 
1-day  forecasts,  of  both  weather  and  oceano¬ 
graphic  parameters  must  be  attained.  Even  be¬ 
yond  this,  it  becomes  evident  that  we  must  strive 
toward  some  degree  of  caq)ability  for  controlling 
our  environment  both  in  the  atmoq;>here  and  in 
the  ocean. 

There  are  other  observations  that  stem 
directly  from  this  consideration  of  the  earth  as 
a  unity.  For  instance,  the  use  of  submerged 
devices  and  submarines  has,  I  believe,  become 
several  times  more  important  than  before.  Both 
ships  and  submarines  must  become  as  independ¬ 
ent  of  port  facilities  as  possible.  Land  vehicles 
must  be  made  independent  of  road  systems  inso¬ 
far  as  this  is  technically  possible.  Air  trans¬ 
port  must  also  change.  Higher  speeds,  greater 
capacity,  and  longer  range  seem  important. 

Also,  aircraft  must  become  independent  of  long, 
prepared  runways. 

Hence  combination  ^es  of  vehicles,  such 
as  hydrofoil  craft,  ground  effects  machines,  and 
V/STOL  aircraft,  appear  to  be  assuming  roles 
of  increasing  ingmrtance.  lliese  are  the  trends 
which,  I  suggest,  will  be  most  important  in  set¬ 
ting  the  "vector  direction"  along  which  you  must 
plot  your  long-range  programs  for  studying  en¬ 
vironmental  effects.  I  further  suggest  that  your 
most  difficult  problems  are  to  determine  what 
will  be  the  critical  parameters  of  the  envlron- 
medt.  Once  these  have  been  established,  it 
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should  be  possible  to  see  clearly  what  is  in¬ 
volved  in  design  for  compatibility  with  the  en¬ 
vironment.  In  order  to  do  this,  I  sui^est  that 
we  must  understand  fully  the  sea,  the  air,  and 
the  qiMice  within  which  we  live. 

I  am  tempted,  I  confess,  to  stop  at  this 
point  because  all  of  my  predictions  have  been 
given.  Nevertheless,  I  indicated  that  I  would 
give  you  one  man's  guess  on  technological  pro¬ 
jections  for  the  next  decade. 

Since  my  current  habitat  is  the  Navy,  allow 
me  to  start  with  inner  space  —  the  ocean  —  and 
progress  to  outer  space  in  terms  of  what  I  be¬ 
lieve  to  be  technically  feasible  during  that  time 
period.  In  order  to  be  brief,  I  shall  consider, 
in  each  case,  only  the  one  parameter  that  will 
act  as  the  "pacing"  parameter. 

Within  the  next  decade,  explorations  of  the 
deepest  ocean  trenches  will  be  routine.  The 
first  e]q;>edition8  of  this  type  have,  as  you  know, 
already  been  accomplished  by  the  Navy  Elec¬ 
tronics  Laboratory  using  the  bathy8m4>h  Trieste. 
Although  there  are  numerous  problems  in  in¬ 
strumentation  and  operations  associated  with 
deep-ocean  research  vehicles,  only  one  envi¬ 
ronmental  parameter  assumes  importance  — 
pressure.  Water  tight  Integrity  ie  an  obvious 
necessity.  No  new  problems  involving  vibration, 
shock,  and  so  on,  are  anticipated. 

By  1975  it  could  be  possible  for  submarines 
to  remain  on  station  submerged  for  90  days  or 
more,  at  depths  of  4000  feet  with  sustained 
speeds  in  excess  of  35  knots.  Boundary  layer 
control  may  make  possible  much  lower  resist¬ 
ance  for  a  given  hull  shape.  As  in  the  case  of 
the  deep  ocean  research  vehicles,  pressure  is 
the  only  environmental  parameter  that  will 
change  appreciably.  The  major  problem,  of 
course,  is  the  development  of  new  materials 
and  structures  to  withstand  these  pressures.  In 
addition,  this  one  ctuuige  places  a  premium  tqxm 
the  effectiveness  with  vdtich  associated  problems 
are  solved.  For  instance,  water  t^cht  integrity 
cannot  be  oidangered  by  excessive  vibration. 
Submarine  weapons  must  react  quickly  and  si¬ 
lently.  It  is  possible  that  mounting  weapons 
external  to  the  pressure  hull  will  provide  an 
attractive  solution.  In  any  event,  efficimit  seals, 
rotating  joints,  bearings,  and  vibration  and  shock 
isolation  will  be  required. 

During  this  same  period  surface  ships  might 
be  ciqrable  of  sustained  speeds  in  excess  of  35 
knots  in  hig^  sea  states.  Such  progress  would 
depend,  of  course,  upon  major  gains  in  drag  re¬ 
duction  <d  hulls  and  inqirDved  propulsion  sys¬ 
tems.  Drag  reduction  of  as  much  as  25  percent 


might  be  realized.  Research  on  supercavitating 
and  siqperventilating  propellers  could  provide 
the  possibility  for  ^preclable  increases  in 
speed. 

A  naval  ship  is  primarily  a  mobile  plat¬ 
form  for  carrying  a  payload  of  people,  electrcm- 
ics,  and  weapons.  In  conibat  this  combination 
must  work  effectively,  in  concert,  both  to  de¬ 
stroy  the  enemy  and  to  nullify  his  attack.  Hence, 
many  serious  problems  can  be  e]q>ected  to  ac- 
conqMuiy  anticipated  increases  in  speed. 

For  instance,  structural  flexure  of  the  ship 
could  Introduce  a  signiflcut  degradation  into 
the  overall  accuracy  of  inertially  guided  weapon 
systems.  Methods  for  compensating  for  struc¬ 
tural  flexure  may  have  to  be  developed. 

Increased  q>eeds  can  be  expected  to  lead  to 
greater  use  of  automatic  and  centralized  con¬ 
trols.  These  are  subject  to  derangement  by 
shodc,  vibration,  radiation,  tenq>erature,  and  so 
on.  Although  these  are  not  new  problems,  their 
solution  will  be  crucial  to  effective  operation. 

In  essence,  this  problem  embraces  the  total 
subject  of  reliability/maintainability  of  elec¬ 
tronic  systems,  feed-back  control  systems,  and 
so  on. 

A  definite  trend  can  be  observed  in  the  use 
of  men  as  components  of  these  systems:  men 
will  be  used  less  and  less  as  a  source  of  motive 
power,  and  more  and  more  as  decision-makers 
and  nonlinear,  feed-back,  control  devices.  This 
trend  will  force  all  of  you  to  think  long  and  hard 
about  how  to  provide  an  qptimum  environment 
for  the  men.  The  problems  Introduced  are  ex¬ 
tremely  complex.  For  instance,  to  reduce  the 
probability  of  physical  injury  to  a  man  one 
should  reduce,  as  nearly  to  zero  as  possible  the 
relative  motion  of  the  man  with  respect  to  his 
immediate  surroundings.  This  same  condition 
pertains  for  effective  qperations  involving  direct 
man- machine  interactions.  In  those  (derations 
that  involve  only  the  man,  accelerations  must 
be  reduced  as  nearty  to  zero  as  possible  in  or¬ 
der  to  maximize  the  man's  effectiveness.  You 
will  agree,  I  am  sure,  that  attaining  both  of  these 
conditions,  simultaneously,  in  all  manned  qpaces 
of  a  8h4>  presents  some  serious  problems.  And 
yet,  these  conditions  are  not  far-fetched,  because 
it  tq>pear8  that  they  are  equally  applicable  to 
most  classes  of  electronic  equipments. 

During  the  time  period  under  consideration, 
defense  against  bacteriological  and  chemical 
muniticms  may  become  essential.  The  noost 
probable  solution  to  this  problem  will  be  to  her¬ 
metically  seal.jm  manned  qpaces  and  maintain 
them  at  a  sll^  positive  pressure  of  clean. 
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filtered  air.  A  variety  of  subsidiary  problems, 
such  as  temperature  and  humidity  control,  vi¬ 
bration  and  shock  proof  seals,  and  so  on,  may 
be  ei^ected  to  be  encountered  aa  a  result  of 
this  condition. 


Hydrofoil  craft  In  the  500-ton  class,  oper¬ 
ating  at  qpeeds  as  high  as  00  knots,  could  pos¬ 
sibly  be  built.  The  new  environmental  problems 
that  will  be  encountered  in  connection  with  hy¬ 
drofoil  craft  also  are  those  associated  with  hig^ 
speeds  in  higdi  sea  states.  One  can  anticipate 
that  the  seriousness  of  shock,  vibration,  and 
related  problems  will  increase  at  least  linearly 
with  speed,  and  perhs^s  as  n^idly  as  the  square 
of  the  q>eeid. 

Ground  effects  machines,  capable  of  effec¬ 
tive  operation  over  both  land  and  water,  are 
possible.  It  is  conceivable  that  these  craft, 
powered  by  gas  turbines,  could  attain  operating 
q;>eeds  of  100  knots  or  more,  design  for  unex¬ 
pected  encounter  with  obstacles  or  for  power 
failure  will  be  necessary.  Hence,  major  prob¬ 
lems  in  shock  abatement  will  be  encountered. 

In  the  next  decade  the  development  of  mili¬ 
tary  amphibious  and  ground  vehicles  will  prob¬ 
ably  involve  improvements  of  known  techniques. 
Major  gains  can  be  anticipated  in  off-road  qieed 
and  mobility,  reduced  weight,  and  increased 
range.  A  significant  advance  may  be  attained 
through  the  development  of  multi-fuel, 
compression-ignition  engines  having  reduced 
dimensions,  weight,  and  ^cific  fuel  consump¬ 
tion.  The  general  trend  will  be  toward  air- 
portable  and  air-droppable  vehicles. 

In  this  case  also,  major  problems  in  tem¬ 
perature  and  humidity  control  and  shock  abate¬ 
ment  may  be  introduced  by  the  need  for  such 
vehicles  to  be  impervious  to  attack  by  CW/BW 
munitions. 


One  can  also  anticipate  the  routine  use  of 
low-flying,  high-qpeed  aircraft  that  follow  the 
contour  of  the  earth.  There  will  be,  I  suqwct, 
noajor  structural  problems  induced  by  vibration 
and  buffeting  as  well  as  aerodynamic  heating  to 
contend  with. 

^)eaklng  generally,  one  can  predict  aero¬ 
space  craft  operating  from  sea-level  to  300,000- 
foot  altitude  and  at  speeds  ranging  from  0  to 
25,000  ft/sec.  VTOL  aircraft  may  be  e]q)ected 
to  operate  over  the  speed  and  altitude  ranges 
that  pertain  today  for  conventional  aircraft. 

Many  problems  will  be  encountered  in  the  de¬ 
sign  of  these  families  of  vehicles.  For  instance, 
stagnation  temperatures  as  high  as  2500‘F  could 
be  encountered  on  leading  edges.  In  all  proba¬ 
bility,  ionized  boundary  layers  would  accompany 
the  aerodynamic  heating  and  introduce  a  host  of 
new  problems.  Internal  temperatures  in  duct¬ 
ing  and  engine  enclosures  might  rise  as  high  as 
3000°  to  4000° F.  Rain  erosion  could  be  expected 
to  be  a  serious  problem.  The  combined  envi¬ 
ronment  of  dynamic  loading,  thermal  stress, 
acoustic  loading,  and  ionization  could  be  ezpected 
to  introduce  major  problems  in  fatigue  behavior 
as  well  as  structural  design.  At  present,  these 
extreme  conditions  are  encountered  for  only  a 
brief  period  of  time.  That  may  not  be  true  in 
the  future. 

At  extreme  altitudes,  of  course,  many  new 
aspects  of  environment  will  become  important. 

At  low  ambient  pressures,  heat  discharge  from 
the  vehicle  will  be  reduced  greatly;  Solar  and 
Cosmic  radiation  and  so  on,  wiU  be  encountered. 
The  current  literature  is  r^lete  with  the  envi¬ 
ronmental  problems  of  satellites  and  space 
travelers.  I  shall,  however,  add  one  more  point: 
When  the  first  man  arrives  on  the  moon,  his 
safety  will  be  completely  dependent  iqx>n  some 
set  of  shock  absorbing  devices.  This,  of  course, 
brings  us  right  back  to  the  class  of  problems 
that  led  to  the  formation  of  this  symposium  a 
decade  ago. 
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DERIVATION  OF  SHOCK  AND  VIBRATION  TESTS 
BASED  ON  MEASURED  ENVIRONMENTS 
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Waltham,  Massachusetts 


The  numerous  considerations  pertinent  to  simulating  the  damaging  ef¬ 
fects  of  shock  and  vibration  environments  are  presented  and  discussed. 
The  purpose  of  this  progress  report  was  to  stimulate  discussion  on  a 
controversial  subject.  It  was  hoped  that  the  SZ-X-46  Committee  might 
learn  of  current  significant  work  or  opinions  which  have  a  bearing  on 
the  project  and  which  could  be  incorporated  as  influencing  factors  in 
the  Committee's  final  report  at  the  end  of  the  year. 


INTRODUCTION 

The  American  Standards  Association  Sec¬ 
tion  Committee  S2  on  Shock  and  Vibration  has 
organized  an  exploratory  group  designated  as 
S2-X-46  with  a  1-year  term  to  examine  the 
subject  of  "Testing  to  Simulate  the  Shock  and 
Vibration  Conditions  Encountered  in  Actual 
Environments."  The  objective  set  for  S2-X-46 
is  to  determine  the  feasibility  of  preparing  a 
standard  practiced  document  to  represent  the 
present  state-of-the-art  on  the  subject  of 
specifying  laboratory  simulation  of  shock  and 
vibration  environments. 

The  material  presented  here  is  in  the 
nature  of  a  progress  report  and  represents  a 
brief  summary  of  the  subject  matter  which  has 
been  reviewed  by  the  S2-X-46  Exploratory 
Group.  The  objective  of  this  report  is  to  stim¬ 
ulate  discussion  on  a  controversial  subject  so 
that  the  S2-X-46  Exploratory  Grovq)  may  learn 
of  current  significant  work  which  might  other¬ 
wise  be  overlooked  and  which  may  have  a  bear¬ 
ing  on  its  feasibility  report  to  the  American 
Standards  Assobiation.  Engineers  having  data 
pertinent  to  environmental  shock  and  vibration 
simulation  are  requested  to  report  such  infor¬ 
mation  to  the  Chairman  of  S2-X-46  either 


directly  or  through  individual  members  on 
the  committee. 

The  members  of  S2-X-46  have  been  se¬ 
lected  to  represent  a  wide  cross  section  of 
shock  and  vibration  personnel  in  government 
and  industry,  and  also  a  wide  diversity  of 
opinion  on  the  subject  of  laboratory  shock  and 
vibration  simulation.  The  members  of  S2-X-46 
are  listed  in  the  Appendix. 


S2-X-46  APPROACH 

The  approach  taken  by  S2-X-46  has  been  to 
consider  the  subject  of  shock  and  vibration 
simulation  in  its  broadest  sense.  Two  diamet¬ 
rically  opposite  extremes  in  approaches  to  shock 
and  vibration  simulation  have  been  pursued  for 
purposes  of  the  present  investigation.  These 
are  (1)  exact  diqilicatlon  of  environment,  ami 
(2)  simulation  of  the  damaging  characteristics 
embodied  in  the  environment.  The  concepts 
involved  are  discussed  in  the  following  sections. 

EXACT  DUPUCATION 

In  concept,  exact  duplication  of  an  environ¬ 
ment  is  simple  and  direct.  If  the  laboratory 
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environment  is  an  exact  reproduction  of  the 
real  environment,  then  it  must  certainly  possess 
the  same  damaging  characteristics  as  the  real 
environment.  This  approach  makes  it  unneces¬ 
sary  to  know  a  priori  which  features  of  the  en¬ 
vironment  cause  damage  in  equipment.  In  this 
sense,  exact  duplication  is  considered  to  be  an 
ideal  approach  for  laboratory  testing.  In  the 
laboratory,  however,  aside  from  the  technolog¬ 
ical  problems  of  exact  reproduction  of  environ¬ 
ments,  there  are  certain  basic  and  practical 
questions  which  must  be  considered.  They  are 
as  follows: 

1.  Exact  duplication  Implies  a  unity  scale 
factor  between  the  real  environment  and  testing 
time.  If  the  service  environment  is  long,  then 
an  unreasonable  amount  of  testing  time  may  be 
called  for  in  the  laboratory. 

2.  If  an  equipment  may  be  used  alternatively  in 
several  different  environments,  it  becomes  im¬ 
practical  to  reproduce  each  environment  sequen¬ 
tially  in  the  latoratory. 

3.  Environment  severity  in  vehicles  tends 
to  be  statistical  in  nature.  Hence,  it  becomes 
a  question  in  reliability  statistics  to  determine 
which  particular  sample  environment  should  be 
select^  for  exact  reproduction  in  the  laboratory. 

4.  Exact  reproduction  of  environment  in 
the  laboratory  implies  that  the  effect  of  the 
equipment  interaction  on  the  testing  machine, 
i.e.,  impedance  match,  will  be  the  same  as  in 
actual  service.  In  the  present  state-of-the-art 
there  is  no  mechanical  impedance  information 
on  service  installations  to  permit  impedance 
duplication  under  laboratory  conditions. 


For  the  reasons  noted,  S2-X-46  believes 
that  exact  reproduction  of  environment  in  the 
laboratory  is  a  highly  specialized  research  tech' 
nlque  with  but  limited  an>licatlon  to  general 
laboratory  use.  Opinions  and  experience,  pro 
or  con,  among  reviewers  of  this  report  are 
solicited  for  consideration  by  S2-X-46. 


SIMULATION  OF  DAMAGING  EFFECTS 

The  alternative  to  striving  for  exact  dupli¬ 
cation  of  environments  in  the  laboratory  is  to 
synthesize  a  test  which  will  produce  the  same 
damage  as  the  real  environment.  This  approach 
requires  a  knowledge  of  the  mechanism  of  fail¬ 
ure  in  equipment  when  subjected  to  dynamic  in¬ 
puts.  Unfortunately,  mechanical  failure  and 
malfunction  of  equipment  as  a  result  of  shock 
and  vibration  is  a  highly  complex  subject  and 
there  is  very  little  published  experimental  in¬ 
formation.  There  are,  however,  some  data 
(Refs.  1  and  2)  on  vibration  tests  to  failure  of 
simple  electronic  components,  and  from  these 
we  can  deduce  some  of  the  basic  considerations 
involved  in  simulating  equipment  failure  con¬ 
ditions  in  the  laboratory. 

Figure  1  shows  the  results  of  resonant 
vibration  tests  to  failure  performed  on  several 
sizes  of  capacitors  and  resistors  which  were 
soldered  to  terminals  by  standard  techniques. 

The  plotted  points  represent  the  vibratory  ac¬ 
celeration  amplitude  u  applied  to  the  base  of 
each  component  and  the  number  of  applied 
cycles  N  at  which  failure  resulted.  It  can  be 
observed  that  the  characteristic  slope  of  the 
curves  drawn  through  families  of  failure  points 
is  like  that  of  fatigue  (i^-N)  curves  for  materials. 
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The  u  -  N  (allure  curves  even  suggest  an  endur¬ 
ance  limit  "knee"  similar  to  that  of  conventional 
-  N  fatigue  data  for  materials. 


Failure  Surface  Concept 

The  data  In  Fig.  1  are  plotted  (or  two  pa¬ 
rameters,  u  versus  N,  with  a  third  parameter 
specified  as  the  resonant  frequency  of  the  com¬ 
ponent.  If  samples  of  each  component  had  been 
tested  at  off-resonant  frequencies,  curves  simi¬ 
lar  to  those  In  Fig.  1  would  have  been  obtained, 
except  that  the  applied  vibratory  accelerations 
would  have  been  proportionally  higher,  depend¬ 
ing  on  damping  (maximum  transmlsslblllty  or 
and  proximity  to  resonance. 

With  experimental  data  of  the  type  shown 
in  Fig.  1  for  both  resonant  and  off-resonant 
conditions,  it  would  be  possible  to  define  a 
three-dimensional  "failure  surface"  for  partic¬ 
ular  components  and  Items  of  equipment.  The 
failure  surface  parameters  are  Input  vibratory 
acceleration  u,  vibration  frequency  f,  and  num¬ 
ber  of  cycles  to  failure  N .  Figure  2  illustrates 
a  hypothetical  failure  surface  (or  an  equipment 
having  one  resonant  frequency.  The  resonance 
appears  as  a  valley  in  the  failure  surface 


because,  depending  on  the  amount  of  damping 
present,  only  a  small  Input  Is  required  to  pro¬ 
duce  failure.  The  failure  surface  for  a  complex 
equipment  having  several  natural  frequencies 
would  exhibit  a  valley  corresponding  to  each 
natural  frequency. 

If  a  failure  surface  such  as  that  shown  In 
Fig.  2  Is  presumed  to  exist  for  every  equipment, 
it  Is  possible  to  hypothesize  certain  require¬ 
ments  for  a  laboratory  test.  In  Fig.  2,  line  "a" 
defines  an  environment  frequency  —  amplitude 
spectrum  for  a  given  steady- state  vibration 
condition  which  Is  presum^  to  be  present  at 
all  times.  Since  the  environment  exists  for  the 
same  amount  of  time  at  low  frequencies  as  at 
high  frequencies,  the  line  "a"  af^ears  as  a 
diagonal  slice  increasing  to  higher  values  of  N 
as  frequency  f  increases.  If  the  equipment 
failure  surface  has  a  well  defined  endurance 
limit  "knee,"  then  It  is  unnecessary  to  test 
beyond  N,  the  number  of  cycles  corresponding 
to  endurance  limit  stress  In  the  equ4>ment. 

The  environment  spectrum  crosses  through  the 
valley  In  the  failure  surface  at  frequency  band 
AA'  thus  Indicating  that  failure  will  occur  when 
vibration  Is  applied  at  or  near  the  resonant  fre¬ 
quency  for  a  number  of  cycles  corresponding 
to  N^i .  This  failure  would  be  detected  in  the 


Fig.  2  -  Concept  of  laboratory  test 
based  on  failure  surface 
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laboratory  after  an  appropriately  long  test  at  or 
near  the  resonant  frequency.  The  laboratory 
test  could  be  shortened  appreciably  if  the  test 
amplitude  were  increased  in  some  manner 
related  to  the  slope  of  the  u  -  N  curve  of  the 
resonant  valley  in  the  failure  surface.  This  is 
indicated  by  line  "c"  which  indicates  that  fail¬ 
ure  will  occur  across  the  frequency  band  BB' 
for  a  short  duration  test  based  upon  applying  a 
number  of  cycles  corresponding  to 


Synthesis  of  Equipment  Failure  Curve 

In  the  present  state-of-the-art  there  are  in¬ 
sufficient  experimental  data  to  establish  failure 
surfaces  for  equipment  which  could  be  used  as 
damage  criteria  for  developing  laboratory  test¬ 
ing  procedures.  It  appears  possible,  however, 
on  an  interim  basis  to  utilize  the  published  data 
on  internal  damping  and  endurance  properties 
of  materials  as  a  means  for  synthesizing  reso¬ 
nant  u  -  N  curves.  This  approach  is  indicated 
in  Fig.  3.  The  construction  in  Fig.  3  is  based 
upon  a  derived  relationship  between  accelera¬ 
tion  u  and  stress,  in  Ref.  1,  as  follows: 


experimental  data  in  Ref.  3  on  the  internal 
damping  energy  dissipated  per  cycle  of  vibra¬ 
tion  for  several  structural  materials.  For 
purposes  of  simplifying  the  construction  of  the 
failure  curve  in  Fig.  3,  the  acceleration  corre¬ 
sponding  to  endurance  limit  stress  is  normal¬ 
ized  as  unity  and  is  plotted  corresponding  to 
5  X  10  ‘  cycles.  This  is  a  representative 
value  of  endurance  limit  cycles  which  frequently 
spears  in  the  technical  literature  on  endurance 
properties  for  a  wide  variety  of  materials. 
Similarly,  based  on  a  further  generalization  of 
published  data,  the  applied  vibratory  accelera¬ 
tion  corresponding  to  twice  the  endurance  limit 
stress  is  plotted  at  N  =  10*  cycles.  The  reso¬ 
nant  u  -  N  failure  curve  is  then  constructed  as 
a  straight  line  on  log  log  coordinates  between 
the  two  aforementioned  points.  Note  that  the 
synthesized  curve  is  drawn  as  a  straight  line 
without  a  knee  at  the  endurance  limit  accelera¬ 
tion.  The  justification  for  extending  the  failure 
curve  as  a  simple  straight  line  for  all  values  of 
N  is  that  this  conservatively  predicts  failure 
sooner  than  might  actually  occur  in  practice. 
Moreover,  this  permits  the  derivation  of  a  sim¬ 
ple  equation  defining  the  failure  curve,  as  follows: 


Qu  _  u  _  •  * 

Qu.f  ’  u,f  '  U.ej 


S  X  10* 
(u/u,|)®* 


(2) 


where  the  subscript  "eC"  denotes  the  value  of 
support  acceleration  u  or  response  stress 
corresponding  to  the  endurance  limit  of  the 
material.  The  development  of  Eq.  (1)  utilizes 


Concept  of  Cumulative  Damage 

The  limitation  of  the  failure  curve  synthe¬ 
sized  in  Fig.  3  is  that  it  is  based  on  a  constant 


U 


«l  NMO«  .  /|0.T\»»  5x10* 

gt  N>N«|*BXIO* 


Fig.  3  -  Construction  of  u-N  failure  curve 
for  vibration  at  resonance 
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amplitude  vibratory  condition  existing  until  fail¬ 
ure  occurs.  In  both  real  environments  and  in 
certain  laboratory  environments  the  input  am¬ 
plitude  will  vary  from  cycle  to  cycle.  It  is  thus 
necessary  to  adapt  Fig.  3  to  a  criterion  of  fail¬ 
ure  wherein  the  damage  contribution  by  each  of 
several  varying  amplitudes  can  be  assessed. 
There  are  many  concepts  of  fatigue  damage  ac¬ 
cumulation  under  varying  amplitude  conditions. 
References  4,  5,  and  6  present  three  such  con¬ 
cepts  with  varying  degrees  of  analytical  sophis¬ 
tication  introduced  to  minimize  differences  be¬ 
tween  calculations  and  experimental  results. 

The  simplest  useful  hypothesis  is  that  of  Ref.  4 
and  is  depicted  in  Fig.  4.  In  the  approach  illus¬ 
trated  in  Fig.  4,  failure  is  considered  to  occur 
when  the  summation  of  the  ratios  of  applied 
cycles  n  to  failure  cycles  N  for  each  amplitude 
is  equal  to  a  constant.  This  is  expressed  math¬ 
ematically  as: 


determine  whether  failure  will  be  incurred  in 
equipment  when  subjected  to  field  measured 
vibration  amplitudes  for  a  time  duration  related 
to  service  life.  Equipment  which  will  be  in  con¬ 
tinuous  service  for  a  long  period  of  time,  say 
several  months  or  more,  should  be  laboratory 
vibration  tested  for  a  period  of  time  which  will 
result  in  applying  the  endurance  limit  cycles 

as  depicted  in  Fig.  2.  Alternatively,  the 
testing  time  may  be  reduced  by  increasing  the 
test  amplitude  in  accordance  with  Eq.  2  or 
Fig.  3. 

Ideally,  the  vibration  levels  measured  in 
service  should  be  applied  only  at  the  resonant 
frequencies  of  the  equipment  undergoing  test. 

In  practice,  the  equipment  resonance  is  not 
known  precisely,  consequently,  the  test  is  per¬ 
formed  by  varying  the  frequency  in  small  incre¬ 
ments  until  the  entire  frequency  band  is  covered. 
In  the  limit,  as  the  frequency  increments  become 
very  small,  the  test  becomes  a  sweep-frequency 
test.  Therefore,  the  rate  of  change  of  test  fre¬ 
quency,  or  sweep  speed,  becomes  important  in 


In  various  fatigue  experiments  which  have  been 
performed  with  stress  amplitudes  which  vary 
randomly  or  involve  cycling  between  small  and 
large  amplitudes,  the  constant  C  has  been  found 
to  vary  between  0.2  and  0.8,  see  Refs.  7  and  8. 
This  suggests  the  use  of  an  average  constant 
C  =  0.5  for  interim  purposes  in  deriving  test 
procedures. 


Suggested  Application  of  Failure  Criteria 
in  Derivation  of  Sweep  Vibration  Test 

In  concept  a  laboratory  vibration  test  is  a 
resonant  fati^e  test.  The  objective  is  to 


order  to  insure  that  the  system  undergoing  test 
has  time  to  respond  with  maximum  resonant 
amplification. 

The  effect  of  "sweeping"  the  test  frequency 
f  through  a  resonant  frequency  at  various 
sweep  speeds  /3  is  discussed  in  Refs.  1  and  9. 
This  effect  is  illustrated  in  Fig.  5  for  a  single 
degree  of  freedom  system  whose  maximum 
transmlsslbility  or  Q  =  20.  Figure  5  presents 
envelopes  of  system  maximum  responses  as  a 
function  of  test  frequency  and  a  parameter  N„, 
which  is  related  to  sweep  speed  as  follows; 

/8  =  df/dt  =  (4) 
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1.1  1.2  1.5 

FOWCINO  FREQUENCY  _t. 
NATURAL  FREQUENCY  tn 


Fig.  5  -  Response  to  sweep  frequency 


The  parameter  N„  is  also  related  to  the  number 
of  cycles  /^N  which  will  be  applied  during  a  sweep 
through  a  frequency  band  Af ,  as  follows; 


AN  =  -fi  N„  . 


(Ui/u,e)*®  1 

>  n.  K  -  =  — 

^  ‘  S  *  10®  2 

L"i  *  =  2-5  *  >«>*• 


or,  alternatively 


It  may  be  seen  in  Fig.  5  that  a  value  of  n„  greater 
than  approximately  300  is  necessary  for  a  sys¬ 
tem  with  low  damping  to  approach  at  least  95 
percent  of  its  theoretical  steady- state  response 
at  resonance.  It  can  also  be  seen  that  signifi¬ 
cantly  high  stress  cycles  occur  in  the  frequency 
band  defined  by  Af/f„  as  the  test  frequency  ap¬ 
proaches  and  recedes  from  the  resonant  fre¬ 
quency.  These  cycles  are  less  than  the  maxi¬ 
mum  at  resonance,  but  are  still  large  enough  to 
Inflict  fatigue  damage  on  the  structure.  This 
effect  can  be  evaluated  by  (1)  summing  the  cycle 
ratios  corresponding  to  various  levels  of  re¬ 
sponse  as  the  test  frequency  sweeps  through 
resonance,  (2)  dividing  the  response  level  by  Q 
to  obtain  an  equivalent  steady- state  vibration 
input  level,  and  (3)  substituting  the  foregoing  in 
Eqs.  (2)  and  (3)  with  C  =  1/2,  as  follows: 


-  i. 

-  2 


Denoting  the  iiq>ut  at  resonance  by  and 
rewriting  the  off-resonant  equivalent  inputs  as 
ratios  of  Eq.  (5)  becomes: 

A  numerical  evaluation  of  Eq.  (7)  in  Ref.  1 
for  a  sweep  through  a  frequency  band  Af  where 
the  response  is  greater  than  the  rms  value,  l.e., 
greater  than  0.707  of  maximum  response,  pro¬ 
duces  the  following  result: 


=  5  *  10® . 


Equation  (8)  thus  defines  the  condition  for  cumu¬ 
lative  fatigue  failure  during  cycling  through  a 
resonance.  Now,  to  relate  this  to  a  failure  which 
is  due  to  a  single  frequency  test  directly  at  reso¬ 
nance,  combine  Eqs.  (2)  ai^  (3)  with  c  =  l,  as 
follows: 


5  X  10® 


(9) 

(Cont.) 


=  s*  io«  (9) 

Comparison  of  Eqs.  (8)  and  (0)  shows  that,  to 
cause  the  same  damage  when  the  acceleration 
amplitude  of  the  support  u.,,  is  the  same,  the 
number  of  cycles  of  vibration  AN  in  a  sweep 
frequency  test  is  Identical  to  the  corresponding 
number  In  in  a  constant  frequency  test. 

The  use  of  Eq.  (8)  can  be  seen  upon  com¬ 
bining  Eqs.  (4)  and,(5a)  and  writing  the  expres¬ 
sion  for  sweep  rate  as  follows: 

t  =  (-SNT-Qjfn  (10) 

Equation  (10)  is  plotted  in  Fig.  6. 
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Fig.  6  -  Sweep-frequency  test 
with  constant  N 


In  Eq.  (10),  AN  may  be  regarded  as  the 
number  of  significant  cycles  which  will  be  ap¬ 
plied  at  each  resonant  frequency  of  a  given  Q 
(maximum  resonant  transmisslbllity)  during 


one  sweep  from  minimum  to  nnaximum  fre¬ 
quency.  The  number  of  sweeps  is  determined 
by  the  total  number  of  cycles  which  may  be 
desired.  An  equation  for  the  time  duration  t^„ 
of  one  sweep  with  constant  AN  in  the  response 
can  be  determined  by  separating  the  variables 
in  Eq.  (10)  and  integrating  over  a  range  of  fre¬ 
quencies  from  f,  to  f|.  This  results  in  the 
following  equation: 

‘an  =  ^  *  0  »"•  (11) 

If  the  test  is  to  be  performed  on  equipment  de¬ 
signed  for  long  service,  as  in  aircraft,  then  the 
number  of  applied  cycles  should  be  AN  =  5  »  10* 
with  a  test  amplitude  that  is  representative  of 
the  actual  environment.  If  this  test  duration  is 
too  long  to  be  convenient,  it  may  be  reduced  by 
selecting  an  appropriate  test  amplitude  exag¬ 
geration  factor  from  the  failure  curve  of  Fig.  3. 

When  the  anticipated  environment  is  short, 
as  is  the  case  for  missiles  and  rockets,  the 
sweep  cycling  procedure  should  prefersibly  be 
based  upon  applying  constant  Increments  of 
time  At  at  the  rms  response  bandwidth  Af . 

The  sweep  speed  equation  can  then  be  written  as 

=  dt  ■  (  AN  "  Q  )  'n  '  (  At  Q  )  fn-  ^^2) 

Equation  (12)  is  plotted  in  Fig.  7.  The  time 
duration  t^^  to  make  one  frequency  sweep  with 
constant  At  can  be  determined  by  separating 
the  variables  in  Eq.  (12)  and  integrating  over  a 
range  of  frequencies  from  f,  to  fj.  This  pro¬ 
duces  the  following  equation: 


*at  =  Q  *  log,  -p  sec.  (^3) 

•  0 


ti>0  xAt  loscfl-tec 

M> 


Fig.  7  -  Sweep-frequency  vibration  test 
with  constant  increments  of  time 
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The  time  increment  At  should  be  the  same  as 
the  time  duration  of  the  real  environment  for  a 
test  amplitude  that  is  representative  of  the  real 
environment.  If  the  resulting  sweep  test  dura¬ 
tion  is  too  long  for  convenience  in  the  labo¬ 
ratory,  then  a  test  amplitude  exaggeration  factor 
can  be  selected  from  Fig.  3  for  any  desired  per¬ 
centage  reduction  in  test  time.  Conversely,  the 
data  in  Fig.  3  could  be  applied  to  Increase  the 
test  duration  by  selecting  an  appropriate  reduc¬ 
tion  for  the  test  amplitude. 


SUMMARY 

This  progress  report  of  the  American  Stand¬ 
ards  Association  S2-X-46  Exploratory  Group  has 
presented  and  reviewed  many  of  the  factors  rela¬ 
tive  to  "exact  duplication  of  environmehts"  in 
the  laboratory  as  opposed  to  "simulation  of  dam¬ 
aging  effects."  It  is  pointed  out  that  exact  dupli¬ 
cation  is  conceptually  an  ideal  test,  but  there  are 
too  many  practical  shortcomings  for  its  use 
other  than  as  a  research  tool.  Simulation  of 
the  damaging  effects  of  environments  in  the 
laboratory  is  the  alternative  to  exact  duplication. 


The  approach  involving  simulation  of  dam¬ 
aging  effects  has  been  successfully  applied  in 
the  past,  generally  in  combination  with  empir¬ 
ical  cut-and-try  methods.  The  empirical  as¬ 
pects  of  the  "simulation"  approach  can  be 
minimized  by  establishing  and  utilizing  criteria 
for  equipment  failure,  or  malfunction,  based  on 
simple  vibration  tests  to  failure  at  different 
levels  of  input.  A  sample  approach  to  the  de¬ 
velopment  of  a  sinusoidal  sweep  frequency  test 
is  presented  based  upon  a  synthesized  u  -  N 
(vibratory  acceleration  Input-versus-cycles  to 
failure)  curve  for  equipment.  The  synthesized 
u  -  N  curve  is  employed  in  conjunction  with  a 
concept  of  cumulative  damage  under  varying 
amplitude  input  conditions.  These  then  represent 
the  necessary  failure  criteria  which  are  essen¬ 
tial  for  developing  all  shock  and  vibration  (sinus¬ 
oidal  or  random)  laboratory  test  procedures. 

Comments  and  data  on  current  significant 
analytical  or  experimental  work  which  may  re¬ 
solve  the  question  on  the  feasibility  of  the  ap¬ 
proaches  and  concepts  reviewed  herein,  are 
solicited  from  industry  and  government  by  the 
S2-X-46  Group. 
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ENVIRONMENTAL  TESTING  STANDARDIZATION 
VIA  MIL-STD-810  ENVIRONMENTAL  TEST  METHODS 
FOR  AEROSPACE  AND  GROUND  EQUIPMENT 


Virgil  J.  Junker 
Environnnental  Division 
Deputy  lor  Test  and  Support 
Aeronautical  Systems  Division,  AFSC 


An  urgent  need  lor  the  upgrading  and  standardization  ol  test  procedures 
and  criteria  in  the  Air  Force  has  been  met  by  the  development  ol  MIL- 
STD-810.  This  paper  explains  the  purpose  ol  the  standard,  what  it  is 
and  what  it  is  not,  «nd  the  way  in  which  it  was  developed.  The  test  meth 
ods  ol  this  standard  apply  broadly  to  all  items  ol  aerospace  and  ground 
equipment  except  airlrames  and  primary  power  plants. 


INTRODUCTION 

MIL-STD-810  (USAF)  has  been  prepared  to 
bring  together  in  one  document  procedures  and 
guidance  lor  the  environmental  testing  of  future 
generations  of  aeroqiace  and  ground  equipment. 

The  general  provisions  of  MIL-STD-810 
include  standard  laboratory  test  methods  for 
determining  the  environmental  suitability  of 
military  hardware  when  used  under  similar 
service  conditions,  guidance  to  the  system  or 
equ^iment  engineer  formulating  an  environ¬ 
mental  test  program,  and  guidance  for  those 
preparing  the  environmental  test  portions  of 
detail  specifications.  Contained  in  the  standard 
are  18  basic  test  methods  with  a  total  of  26  de¬ 
tailed  test  procedures.  Excluded  are  tests  for 
airframe  structures  and  primary  power  plants. 
Tests  required  for  these  items,  as  well  as  de¬ 
sign  factors  for  broad  coverage  areas  such  as 
the  suppression  of  radio  frequency  interference, 
effects  of  corrosive  fuels  and  oxidizers,  and  so 
on,  vdiich  in  a  general  sense  constitute  environ¬ 
ments,  are  either  adequately  covered  by  exist¬ 
ing  specificatlcms  or,  by  their  nature  and  com¬ 
plexity,  must  be  treated  separately. 

The  environmental  stress  levels  stated  in 
the  test  methods  of  ML-STD-810  represent 
what  is  generally  considered  to  be  the  extreme 
ccmditlons  which  usually  constitute  the  minimum 
acceptable  omditions  for  world  wide  military 
use.  However,  when  deslgniag  to  specific 


requirements  where  it  is  known  that  the  envi¬ 
ronmental  stress  conditions  are  more  or  less 
severe  than  those  given  in  the  standard,  the  test 
limits  may  be  adjusted  as  necessary.  These, 
and  other  such  details,  must  be  determined  by 
the  engineer  and  included  in  the  detail  specifi¬ 
cation.  It  is  not  intended  nor  should  it  be  ex¬ 
pected  that  this  document,  prepared  to  cover 
the  broad  field  of  environmental  testing,  be  a 
siibstitute  for  the  engineer's  common  judgment 
and  decision  making  responsibility. 

In  referring  to  qpecifications,  it  is  pointed 
out  that  MIL-STD-810  is  not  a  specification  nor 
is  it  intended  to  be.  The  contents  of  this  docu¬ 
ment  do  nol  constitute  the  necessary  ingredients 
for  a  qpecification.  By  military  descrlpticm  a 
qpecification  is  the  governing  document  for  an 
item  of  hardware.  It  states  the  minimum  ac¬ 
ceptable  requirements  to  Insure  that  the  item 
will  do  exactly  what  it  is  Intended  to  do  along 
with  those  acceptance  tests  and  quality  assur¬ 
ance  provisions  peculiar  to  the  item.  Since 
MIL-STD-810  is  not  applicable  to  any  one  qie- 
cific  item,  or  even  a  class  of  closely  related 
items,  it  can  not  be  considered  a  specification. 

It  is  recognized,  with  no  iqwlogy  Intended, 
that  MIL-STD-810  in  its  present  form  is  not  a 
panacea  for  every  problem  associated  with  en¬ 
vironmental  testing.  The  contents  of  the  test 
methods  are  not  based  on  any  newly  performed 
basic  research  program  or  revolutionary  find¬ 
ings  which  would  challenge  the  state  of  the  art. 
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It  does  bring  together,  in  one  document,  stand¬ 
ard  test  methods  that  are  at  least  current  with 
the  state  of  the  art.  For  those  who  have  not 
reviewed  this  document,  or  for  those  not  ac¬ 
quainted  with  its  origin  and  underlying  philos¬ 
ophy,  a  brief  history  and  chronology  of  events 
may  be  of  interest. 


BRIEF  HISTCSIY 

Over  the  past  several  years  numerous 
complaints  have  been  heard  regarding  the  en¬ 
vironmental  test  procedures  contained  in  vari¬ 
ous  military  specifications.  These  complaints 
have  ranged  from  comments  that  the  military 
has  failed  to  lead  the  state  of  the  art  in  environ¬ 
mental  criteria  and  testing,  to  charges  of  redun¬ 
dancy,  conflict,  and  inconsistencies  in  the  per¬ 
formance  of  tests  among  various  specifications. 
The  problem  is  traceable,  in  part,  to  the  grad¬ 
ual  evolution  of  the  system  conce^  as  imple¬ 
mented  by  the  Air  Force;  it  was  more  noticeably 
oUberved,  however,  as  system  contractors  be¬ 
gan  integrating  various  equipments,  tested 
against  different  q>ecificati(»is,  into  highly 
complex  flight  vehicles  each  with  its  own  pecu¬ 
liar  envircmmental  profile.  The  growing  prob¬ 
lem  of  adequate  environmental  testing  techniques 
and  facilities  was  further  hastened  by  break¬ 
throughs  in  rocketry  and  the  race  for  stjpremacy 
in  apace.  Deficiencies  in  the  overall  environ¬ 
mental  program,  when  viewed  from  the  system 
level,  became  more  and  more  apparent. 

A  study  was  ibsequently  initiated  to  deter¬ 
mine  what  measures  could  be  taken  to  effect  the 
standardization  of  environmental  testing  to  sup¬ 
port  the  system  concept.  Attention  was  focused 
on  the  following  five  specifications:  MIL-T- 
5422,  Environmental  Testing  for  Aircraft  Elec¬ 
tronic  Equipment;  MIL-E-S272,  Environmental 
Testing,  Aeronautical  and  Associated  equipment; 
MIL-E-4970,  Environmental  Testing,  Ground 
S«q>port  Equipment;  MIL-A-26669,  Acoustical 
Noise  Tests  for  Aeronautical  and  Associated 
Equipment;  and  one  remaining  document,  MIL- 
S-27S07,  SOiock  Test,  Saw  Tooth  Pulse,  which 
was  about  to  be  published.  The  result  at  this 
study  clearly  justified  the  need  for  iq)gradlng 
test  procedures,  criteria,  and  the  requirement 
for  one  standard  environmental  test  document. 
The  decision  was  made  to  continue  the  effort  by 
preparing  a  completely  new  environmental  test 
document. 


PREPARATION'  OF  FIRST  DRAFT 

b  prqMXlng  the  general  framework  for  the 
first  draft  of  the  standard  it  was  decided  that 


only  gmeral  guidance,  philoaophy,  and  other 
criteria  common  to  the  majority  of  test  meth¬ 
ods  would  be  placed  in  the  basic  portion  of  the 
docummt;  that  type  of  information  which  will 
probably  see  little  or  no  change.  Expecting  that 
some  tests  would  require  frequent  change  to 
keep  pace  with  the  state  of  the  art,  each  test 
was  assembled  as  a  s^arate  "method."  This 
arrangement  permits  revisions  to  any  particu¬ 
lar  test  method  without  disrupting  the  entire 
document. 

Having  established  the  format,  the  organi¬ 
zation  of  the  individual  test  methods  was  next 
approached.  The  previously  mentioned  docu¬ 
ments,  which  may  be  called  "donor"  specifica¬ 
tions  were  reassembled  by  environment  as 
"raw  data"  and  critically  analyzed.  This  "weed¬ 
ing  out  process"  not  only  revealed  discrepancies 
in  and  among  the  various  tests  for  the  same  oi- 
vironment  or  condition,  but  also  brought  to  lig^t 
certain  methods  and  tests  which  were  still 
geared  to  pre- World  War  n  technology,  in  this 
analysis  the  "raw  data"  were  required  to  sat¬ 
isfy  the  following  questions:  Were  the  environ¬ 
ment  and  the  purpose  for  conducting  the  test 
adequately  described  ?  Were  qpeciallzed  appa¬ 
ratus,  control  of  environmental  conditions,  and 
handling  and  mounting  problems  peculiar  to  the 
test  item  clearly  defined?  Was  the  test  itself 
presented  in  a  clear  and  logical  manner  ?  Were 
the  technical  parameters  of  the  test  "scientific" 
in  the  sense  that  the  test  engineer  could  rely  on 
the  results  obtained  ?  b  most  bstances  the 
raw  data  failed  this  test.  The  development  of 
each  test  method  was  broached  with  caution 
and  some  prehension  regarding  extensive 
changes  to  the  technical  organization  and  stress 
levels  of  the  tests.  It  was  assumed  that  the 
"raw  data"  derived  from  the  "donor  qpecifica- 
tions"  were  essentially  correct.  This  assump¬ 
tion  eventually  proved  false  b  many  cases. 


REVISION  OF  FIRST  DRAFT 

After  some  months  the  first  draft  of  the 
standard  was  ready  for  coordination.  It  was 
decided  to  circubte  the  draft  as  widely  as  pos¬ 
sible  along  with  a  request  for  comments  and 
suggesticms.  A  sincere  engineering  evaluation 
was  wanted  from  the  military  and  from  the  air¬ 
craft,  aeroqiace,  and  electronic  industries  as 
well  as  independent  testing  laboratories.  A 
large  response  was  not  anticipated  to  this  bvi- 
tation  for  comments.  Agab,  this  conplacency 
was  engendered  the  asmimption  that  the 
"donor  dab"  were  correct.  Over  200  cqpies  at 
the  draft  were  circubted.  A  most  rewarding 
reqxmse  of  111  replies  was  received.  The 
majorl^  of  these  replies,  particubrly  from 
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I  I  Industry!  urged  the  continuatloa  of  the  effort 
for  one  standard  environmental  document.  A 
number  of  activities,  both  military  and  Indus¬ 
trial,  provided  as  many  as  four  or  five  pages  of 
detailed  technical  comment.  These  comments 
I  predominantly  pointed  out  engineering  deflclmi- 
!  cies  and  other  weaknesses  in  the  test  proce¬ 
dures,  the  data  for  which,  almost  without  ex¬ 
ception,  were  inherited  from  the  "donor 
specifications. 

As  was  mqiiected,  some  replies  were  re¬ 
ceived  which  challenged  or  r^iudiated  the  basic 
intent  of  the  effort.  It  was  suggested  that  better 
use  be  made  of  man-hours  by  revising  the  "do¬ 
nor"  q>ecifications  and  that  the  introductim  of 
still  another  environmental  docummt  would  only 
add  to  the  general  confusion.  These  allegations 
are  answered  as  follows:  Patching  up  the  old 
specifications  was  not  considered  realistic  or 
e:q>edient.  Related  as  they  are  to  specific  items, 
i.e.,  aircraft  electronic  and  ground  support 
equ4>ment,  it  was  believed  that  any  attempt  to 
introduce  into  them  advanced  requiremoits  at 
the  overall  systems  level  would  have  posed 
serious  problems.  Further,  the  procedures 
Involved  in  accomplishing  routine  changes  for 
just  one  qiecification  are  most  time  consuming. 
Considering  the  number  of  specifications  in¬ 
volved  and  the  resolution  of  many  technical  dif¬ 
ferences  the  attempt  to  "catch  up"  would  have 
been  perpetuated  infinitely. 


The  months  that  followed  were  devoted  to 
setting  things  in  order.  Based  on  the  comments 
received,  and  on  in-house  engineering,  each  test 
was  again  analyzed,  re-engineered,  and  re- 
edited  many  times.  Not  one  test  derived  from 
the  "donor”  cpecificatioi\s  remained  conpletely 
unchanged.  Some  test  methods  underwent  exten¬ 
sive  engineering  effort.  Typical  of  these  are 
tests  in  the  dynamics  area,  especially  vibration 
and  acceleration.  The  details  of  each  individual 
test  method  will  not  be  discussed  here,  but  it  is 
worthy  to  note  that  through  the  joint  effort  of 
dynamics  engineers,  both  in  Industry  and  in  the 
military,  the  dynamics  portions  of  MIL-STD- 
810  reflect  significant  and  inproved  technology. 
However,  it  is  now  obvious  that  additional  prog¬ 
ress  still  can  and  must  be  made  in  this  area. 
Notwithstanding,  this  overall  cooperative  effort 
clearly  illustrates  what  can  and  has  been  done 
when  military  and  industrial  environmental  en¬ 
gineers  are  horded  the  opportunity  to  commu¬ 
nicate  informally  and  resolve  mutual  problems. 


MIL-STD-810  (USAF) 

The  result  of  this  effort  is  reflected  in 
MIL-STD-810  in  its  present  form.  Those  who 
may  feel  concern  or  alarm  that  MIL-STD-810 
tests  may  not  now  suit  their  particular  require¬ 
ments  are  invited  to  conopare  a  test  from  the 
new  standard  with  a  like  test  from  one  of  the 
"donor"  specifications.  It  will  be  found  that  the 
MIL-STD-810  tests  provide  more  positive  guid¬ 
ance  and  test  technology  than  heretofore. 

MIL-STD-810  should  not  be  ^iplied  in  ret¬ 
rospect.  It  is  fully  realized  that  the  "donor" 
specifications  are  listed  as  applicable  documents 
in  many  military  procurement  qiecifications. 

The  intended  sq>plication  of  MIL-STD-810  is  for 
environmental  testing  related  to  new  systems 
engineering  and  design.  It  may  be  assumed, 
however,  that  as  MIL-STD-810  is  more  widely 
applied,  these  other  specifications  will  gradu¬ 
ally  fall  into  disuse.  Together  the  Military  and 
Industry  have  resolved  many  environmental 
problems  in  the  development  of  this  document.* 
However,  when  considering  the  broad  scope  of 
this  effort,  some  differences  of  opinion  are 
bound  to  prevail.  Some  controversial  points 
may  never  be  resolved. 

In  an  organization  such  as  the  Aeronautical 
Systems  Division  with  its  many  systems  project 
offices  and  their  reqpoosible  system  develop¬ 
ment  contractors,  environmental  problems 
arise  almost  daily,  especially  in  the  initial 
phase  when  the  system  environmental  compati¬ 
bility  for  a  new  flight  vehicle  is  being  developed. 
It  is  essential  that  constant  surveillance  and 
liaison  across  this  vast  military-contractor 
effort  be  maintained  so  that  MIL-STD-810  can 
be  kept  up  to  date.  If,  through  the  use  of  this 
standard,  deficiencies  are  noted  or  if  new  cri¬ 
teria  and  methodology  are  developed  for  which 
there  is  a  general  need,  it  is  suggested  that 
recommendations  be  made  for  upgrading  the 
standard.  The  importance  of  this  team  effort 
can  not  be  minimized. 

I^ecifically,  procedures  for  complete  envi¬ 
ronmental  test^  of  the  requirements  for  space 
vehicles,  and  meaningful  test  methods  for  com¬ 
bined  environmental  testing  should  be  introduced 
into  this  document  as  quickly  as  the  technology 
can  be  devel(^>ed. 

Confer  with,  or  write  to  Aeronautical  Sys¬ 
tems  Division,  W-PAFB,  (Mtio,  Attn:  ASTEVC, 
regarding  chafes  or  revislms  to  this  standard. 


I 


36 


DISCUSSION 


B,  Wlgle  (Martin  Orlando);  I  would  like  to 
compliment  you  on  your  fine  document.  I  think 
it  something  long  needed.  I  would  like  to  ques¬ 
tion  the  vibration  curves  and  where  the  multiple 
crossover  points  came  from  and  how  we  should 
perform  these  tests? 

Mr.  Ctolueke  (ASP,  Chairman);  I  have  had 
a  lot  of  input  to  that  particular  document  and 
your  particular  question.  First  I  want  to  say 
that  Mr.  Junker  is  responsible  for  the  overall 
document  and  obtains  all  his  liqnits  from  the 
engineering  talents  back  at  Wright  Field.  Now 
with  regard  to  your  question— what  has  bemi 
done,  is  that  recently  we've  had  some  dynamics 
conferences  with  industry  at  the  Field  and  we 
are  already  considering  changing  those  cross 
over  points  —  mainly  towards  the  low-frequency 
area. 

D.  Stem  (GE);  With  reference  to  the  shock 
portion,  here  it  would  seem  from  the  way  the 


spec  is  written  that  the  sand  poimders  are  out? 
Is  this  true? 

Mr.  Junker:  That  is  quite  correct. 

Mr.  Golueke:  I  might  answer  that  question 
too.  Yes,  the  sand  pits  are  out  and  in  relation 
to  this  particular  document  it  was  interesting 
to  note  at  the  conference  I  mentioned  that  we 
did  take  what  was  called  an  (pinion  vote  of  the 
conferees  in  relation  to  shock.  Four  techniques 
were  involved.  Do  you  want  to  call  out  shock 
requirements  by  means  of  the  q>ectra?  Do  you 
want  to  call  them  out  by  means  of  the  time  his¬ 
tory,  the  pulse  shape,  a  combination  of  the  two, 
or  do  you  want  a  machine  ?  It  was  interesting  to 
note  that  the  majority  wanted  the  pulse  shape 
and  not  necessarily  the  qpectrum.  They  knew 
what  the  qpectrum  would  be,  but  the  document 
as  it  is,  calls  out  the  pulse  shsq>e  and  it  is  quite 
possible  that  it  will  remain  as  such. 


DEVELOPMENT  OF  MILITARY  SPECIFICATION  MIL-T-23103  (WEPK 
GENERAL  REQUIREMENTS  FOR  THE  THERMAL  PERFORMANCE 
EVALUATION  OF  AIRBORNE  MILITARY  ELECTRONICS  EQUIPMENT 


Jim  Baum  and  Ray  Jimenez 
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A  program  was  set  up  to  define  valid  and  useful  measures  of  electronic 
equipment  thermal  design  performance  and  then  to  prepare  a  military 
specification  detailing  thermal  design  evaluation  procedures.  This 
paper  summarizes  the  program  results  with  emphasis  on  the  final 
specification. 


INTRODUCTION 

Over  the  past  few  years,  the  Armed  Forces 
procurement  ag  .ncles  and  airframe  contractors 
have  all  expressed  concern  over  the  Increasing 
cooling  provision  requirements  for  aircraft  elec¬ 
tronic  equipment  and  the  aircraft  performance 
penalties  resulting  therefrom.  There  has  been 
a  general  feeling  that  more  could  be  done  to 
provide  optimum  thermal  design  in  most  equip¬ 
ments.  Considerable  effort  has  been  devoted  to 
improving  the  state  of  the  art  in  electronic  cool¬ 
ing;  however,  surprisingly  little  has  been  done 
in  developing  specification  requirements  for 
evaluating  the  success  of  improved  thermal 
design.  One  of  the  major  reasons  for  this  sit¬ 
uation  has  been  the  difficulty  in  arriving  at 
acceptable  common  denominators  of  thermal 
design  performance  to  use  as  specification 
parameters. 

The  program  to  be  discussed  herein  was 
set  up  by  Code'  RAAV-331  of  the  Bureau  of 
Naval  Weapons  and  the  Mechanical  Engineering 
Laboratory  of  Motorola's  Western  Military 
Center  with  a  two-fold  objective:  first,  to 
define  useful  and  valid  measures  of  electronic 
equlpinent  thermal  performance;  and  second,  to 
prepare  a  military  specification  which  will 
document  these  thermal  evaluation  procedures. 
This  paper  will  summarize  this  program  which 
culminated  in  the  issuance  of  MIL-T-23103 
(WEP). 


PRESENT  STATUS  OF  THERMAL 
EVALUATION  OF  ELECTRONIC 
EQUIPMENT 

Definition  of  the  Problem 

The  subject  under  consideration  is  the 
thermal  evaluation  of  airborne  electronic  equip¬ 
ment.  Since  there  are  no  universally  accepted 
ground  rules  and  technology  in  this  field,  the 
first  step  in  this  report  will  be  to  establish  a 
detailed  problem  definition  and  some  basic 
terms  for  use  throughout  the  subsequent  dis¬ 
cussion. 

It  is  assumed,  initially,  that  all  airborne 
electronic  equipment  is  designed  to  perform 
some  ^ecified  electrical  function  in  a  specified 
range  of  environments.  The  term  environment 
in  this  case  includes  everything  from  dynamic 
loading  to  temperature-altitude  conditions.  It 
is  necessary  to  incorporate  certain  provisions 
into  the  equipment  design  to  allow  satisfactory 
electrical  operation  under  this  variety  of  ex¬ 
pected  environmental  conditions.  As  air  vehi¬ 
cle  performance  has  increased,  the  thermal 
environment  in  particular  has  become  more 
severe  and  there  has  been  a  corresponding  in¬ 
crease  in  electrical  performance  requirements. 
As  a  result,  the  thermal  design  provisions,  or 
as  is  typical,  the  cooling  provisions,  for  air¬ 
borne  electronic  e({uipment,  have  become  more 
complex  with  attendant  increases  in  cost  in  dol¬ 
lars  and  penalties  in  flight  vehicle  performance. 
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A  considerable  effort  has  been  devoted  to  cool¬ 
ing  design  studies  and  tests.  There  has  been  no 
general  agreement,  however,  on  standard  tech¬ 
niques  tor  measuring  the  actual  success  or  ac¬ 
complishment  of  the  thermal  design  effort.  The 
Bureau  of  Weapons  has  felt  that  methods  of 
evaluating  the  effectiveness  of  the  overall  ther¬ 
mal  design  provisions  should  be  developed  and 
their  use  required  in  a  military  specification. 


Study  of  Thermal  Evaluation  Provisions 
in  Existing  Specifications 

The  typical  current  detailed  equipment 
specifications,  with  reference  to  the  adequacy 
of  their  coverage,  take  in  a  wide  range  of  ther¬ 
mal  problems.  Probably  the  most  common 
situation  is  the  case  where  only  high  and  low 
thermal  design  extremes  are  specified.  These 
may  be  quite  detailed  conditions  giving  ambient 
pressure  information,  coolant  flow,  tempera¬ 
tures,  and  so  on.  On  the  other  hand,  many 
specifications  contain  only  a  broad  requirement 
that  the  equipment  operate  in  some  vaguely  de¬ 
fined  set  of  "ambient"  extremes.  The  quality 
assurance  or  thermal  test  conditions  in  the 
detailed  equipment  specifications  also  run  the 
gamut  of  adequacy.  Typically,  only  a  few  basic 
extreme  tests  are  required,  with  the  exact  test 
procedures  left  open  to  question.  Usually,  very 
little  data  are  required,  other  than  that  neces¬ 
sary  to  establish  satisfactory  electrical  per¬ 
formance  of  the  unit. 

Many  of  the  equipment  specifications  base 
a  part  or  even  their  entire  thermal  environment 
considerations  on  the  basic  general  military 
environmental  specifications  which  include, 
primarily,  MIL-E-5400,  MIL-T-5422,  MIL-E- 
5272,  and  M1L-E-19600A.  Here  again  vague 
environment  classifications  based  on  allowable 
"ambient"  temperatures  and  pressures  are  set 
up  with  little  information  and  no  really  accurate 
definition  of  the  thermal  environment.  The  gen¬ 
eral  test  specifications  contain  a  series  of  com¬ 
bined  temperature- altitude  test  steps.  There 
are  no  definitive  instrumentation  instructions 
nor  are  the  thermal  conditions  of  the  test  steps 
completely  defined.  No  provisions  are  made  for 
external  coolant  considerations.  Very  little  test 
data  is  required,  although,  a  lengthy  series  of 
test  steps  is  provided  for.  MIL-E-19600A  con¬ 
tains  detailed  thermal  test  provisions,  but  only 
on  a  module  basis. 

There  are  exceptions  to  these  general 
comments,  however,  there  is  certainly  no  uni¬ 
formity  in  the  presentation  of  thermal  design 
information  or  in  the  required  thermal  test 
procedures.  In  general,  most  specifications  do 


not  provide  for  a  satisfactory  evaluation  of  the 
thermal  design.  These  specifications  are  not 
basically  meant  to  accomplish  this.  They  are 
concerned  with  electrical  performance  and  the  ] 
only  point  of  interest  in  the  thermal  environ¬ 
ment  is  to  be  sure  that  the  equipment  will  work.  j 

If  it  is  assumed  that  thermal  design  is  im-  i 
portant,  then,  in  view  of  the  foregoing  situation, 
a  thermal  performance  evaluation  specification 
is  needed  to  plug  the  obvious  gap.  It  must  pro¬ 
vide  organized  methods  for  acquiring,  present¬ 
ing,  and  interpreting  equipment  thermal  design 
data.  The  presentation  and  interpretation  should 
indicate  (1)  what  the  thermal  environment  limits 
of  operation  are,  and  (2)  some  measure  of  rela¬ 
tive  effectiveness  of  the  thermal  design.  The 
information  should  allow  review  of  the  thermal 
design  effort  just  as  the  detailed  electrical  per¬ 
formance  data  presently  required  allows  evalua¬ 
tion  of  the  equipment  electrical  design. 

There  is  an  important  point  of  differentia¬ 
tion  between  the  specification  proposed  herein 
and  most  of  the  present  general  military  and 
detailed  equipment  specifications.  The  thermal 
tests  discussed  in  the  latter  documents  are  de¬ 
signed  as  electrical  performance  quality  assur¬ 
ance  provisions.  The  thermal  performance 
evaluation  specification  has  as  its  objective  the 
measurements  of  the  relative  success  of  the 
equipment  thermal  design  effort.  Inherent  in 
this  is  the  assumption  that  the  equipment  will 
operate  electrically.  Therefore,  the  question 
is:  "What  are  the  thermal  operation  limits  and 
what  did  it  cost  in  air  vehicle  performance  pen¬ 
alty  and  equipment  design  compromises  to  pro¬ 
vide  them?" 


THERMAL  PERFORMANCE  EVALUATION 

Any  evaluation  of  a  thermal  design  must 
first  examine  the  basic  parameters  incorporated 
in  that  design.  These  are  the  anticipated  ther¬ 
mal  environments,  the  actual  physical  configu¬ 
ration  of  the  equipment,  the  required  electrical 
performance  in  terms  of  reliability  and,  finally, 
the  cooling  provisions. 


TERMINOLOGY 

The  thermal  environment  is  defined  by  the 
specified  surrounding  air  and  enclosure  tern-  I 

peratures,  the  ambient  pressure  and  the  coolant 
inlet  temperature  and  flow  rate  if  iq)pllcable. 

Any  piece  of  equipment  will  operate  satisfac-  i 

torlly  within  some  envelope  of  the  foregoing 
thermal  environment  conditions.  Establishing 
this  envelope  is  then  one  primary  ta^  of  any 
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thermal  performance  evaluation  study.  Typi¬ 
cally,  one  specific  set  of  conditions  is  consid¬ 
ered  to  be  the  severest  of  the  likely  operational 
environments.  For  purposes  herein,  we  will 
call  this  specific  condition,  "The  Thermal  De¬ 
sign  Condition." 

The  temperature  limitations  of  an  elec¬ 
tronic  equipment  are  composites  of  the  tem¬ 
perature  limits  of  the  individual  parts.  Each 
resistor,  capacitor,  and  transistor  has  associ¬ 
ated  with  it  various  temperature-electrical 
operation  limitations.  There  are  temperature 
limits  for  catastrophic  failure,  for  maximum 
life,  and  for  acceptable  drift  to  cite  a  few  ex¬ 
amples.  The  basic  thermal  design  problem  is 
to  consider  these  individual  part  temperature 
limitations  in  relation  to  the  specified  thermal 
environments  and  to  provide  cooling  provisions 
as  required  to  maintain  satisfactory  equipment 
performance  and  reliability.  On  this  basis,  then 
the  thermal  environment  operational  envelope 
mentioned  previously  is  determined  by  the  max¬ 
imum  allowable  temperature  of  those  parts  with 
the  lowest  temperature  ratings.  These  parts 
will  be  subsequently  referred  to  as  "critical 
parts"  and  are  specifically  defined  as  those 
parts  whose  surface  temperatures  are  most 
likely  to  approach  their  maximum  allowable 
temperature  during  the  anticipated  operating 
environments. 

At  this  point,  it  is  desirable  to  digress 
slightly  in  order  firmly  to  establish  a  basis  for 
measuring  and  discussing  part  temperatures. 

No  standard  means  of  specifying  part  thermal 
environments  exists  so  that  one  rating  may  be 
on  the  basis  of  ambient  temperature  and  the 
next  on  the  basis  of  maximum  internal  rise. 
Basically  any  part  thermal  failure  or  charac¬ 
teristic  degradation  results  from  the  actual 
physical  temperature  of  the  part.  Since  all 
temperatures  within  a  part  maintain  a  more  or 
less  fixed  relationship  with  one  another,  the 
part  surface  hot  spot  temperature  becomes  a 
convenient  point  of  measurement  and  discus¬ 
sion.  It  is  readily  accessible  and  provides  re¬ 
producible  results.  The  term  "part  tempera¬ 
ture"  as  used  herein  will  be  understood  to  be 
part  surface  hot  spot  temperature. 

The  term  cooling  or  thermal  design  provi¬ 
sions,  as  used  in  this  report,  refers  to  the  fins, 
baffles,  blowers,  cold  plates,  heat  exchangers, 
and  tube  shields,  which  provide  for  some 
measure  of  improvement  of  the  thermal  en¬ 
vironment  of  the  individual  parts.  For  pur¬ 
poses  of  this  study,  all  electronic  equipment 
cooling  provisions  can  be  placed  in  two  gen¬ 
eral  classes: 


1.  Ambient  Cooling.  The  local  external 
ambient  environment  is  utilized  as  a  major 
means  of  dissipating  heat  from  the  unit.  No 
external  coolant  supply  is  used.  Examples  are 
units  cooled  by  external  free  convection  and 
radiation,  and  units  with  external  blowers. 

2.  External  Source  Cooling.  The  major 
heat  transfer  from  the  equipment  is  via  some 
externally  supplied  coolant  source.  Examples 
would  include  ram  air  cooled  equipments  and 
refrigerated  air  cooled  equipments. 

These  two  classifications  make  no  distinc¬ 
tion  for  specific  internal  cooling  provisions. 

A  sealed,  liquid- filled  unit  with  no  external 
cooling  provisions  and  an  unsealed  unit  with 
forced  internal  air  circulation  only,  are  both  in 
the  first  class.  The  major  difference  between 
the  two  classes  is  the  difference  in  definition 
of  the  available  medium  for  heat  dissipation.^ 


Basic  Approach  to  Thermal  Evaluation 

Thermal  design,  then,  is  the  actual  process 
of  considering  the  specified  environment,  the 
part  rating  data,  and  the  reliability  information, 
and  determining  the  optimum  cooling  provision 
configuration.  Any  evaluation  of  the  thermal 
design  should  determine:  first,  whether  the 
design  is  adequate  to  meet  the  requirements 
and  what  its  limitations  are;  and  second,  whether 
it  is  a  good  design,  on  the  basis  of  incurred  pen¬ 
alty  to  the  air  vehicle  and  overall  equipment 
design.  The  first  step  should  establish  the  op¬ 
erating  limits  for  the  equipment  and  this  infor¬ 
mation  we  shall  call  "thermal  performance 
limit  data."  The  second  step  will  be  referred 
to  as  "thermal  performance  evaluation,"  and 
will  provide  a  relative  index  of  the  cost  of  the 
thermal  design  to  the  equipment  and  air  vehi¬ 
cle.  Taken  together,  these  steps  measure  the 
relative  success  of  the  thermal  design  effort. 


THERMAL  PERFORMANCE  LIMIT  DATA 

These  data  will  provide  complete  informa¬ 
tion  on  the  thermal  operating  limits  and  cooling 
provision  requirements  for  the  equipment.  The 
basis  for  these  maximum  operating  limits  is 
logically  the  previously  discussed  part  temper¬ 
ature  limitations,  specifically,  the  critical  part 
temperature  limitations.  Assuming  that  the 
cooling  provision  design  was  based  on  some 
reliability  goal,  then  there  are  established  max¬ 
imum  allowable  temperatures  for  all  parts.  If 
the  most  critical  part  is  determined  and  the 
equipment  operated  to  determine  the  limiting 
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environment  conditions  where  this  part  temper¬ 
ature  can  be  maintained,  but  not  exceeded,  the 
results  are  valid  thermal  operating  limit  data. 
First,  the  critical  parts  must  be  identified, 
their  maximum  allowable  temperatures  speci¬ 
fied,  and  a  basis  for  selection  of  these  tem¬ 
peratures  given.  The  equipment  can  then  be 
operated  at  the  limiting  conditions  and  thermal 
performance  limit  plots  prepared  from  the  data. 


Ambient  Cooling 

For  a  unit  with  ambient  cooling,  a  data 
presentation  as  Illustrated  in  Fig.  1  provides  a 
graphic  summary  of  the  unit  limiting  conditions. 
The  solid  line  is  the  locus  of  the  maximum  am¬ 
bient  temperature  and  the  pressure  altitude 
conditions  which  will  give  the  maximum  allow¬ 
able  critical  part  temperature.  It  defines  the 
acceptable  steady- state  operating  conditions  of 
the  unit  as  those  lying  within  the  crosshatched 
area.  The  location  of  the  thermal  design  con¬ 
dition  should  also  be  noted. 
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Fig.  1  -  Ambient  cooling  performance  limit 


External  Source  Cooling 


by  adjusting  the  coolant  flow  to  provide  the 
desired  critical  part  temperature  at  various 
combinations  of  ambient  conditions  and  coolant 
inlet  temperatures. 


SEA  LEVEL 
ALTITUDE 


Fig.  2  -  External  source  cooling 
performance  limits 


For  units  using  external  source  cooling,  a 
pressure-drop  plot  similar  to  the  one  in  Fig.  3, 
is  necessary.  The  curve  in  Fig.  3  was  plotted 
on  log- log  graph  paper  to  show  the  corrected 
unit  pressure  drop  against  the  coolant  weight 
flow. 
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The  steady- state  data  presentation  for  units 
with  external  source  cooling  must  include  cool¬ 
ant  flow  rate  considerations  in  addition  to  the 
external  surrounding  conditions.  In  general,  it 
is  desirable  to  know  the  coolant  requirements 
at  various  ambient  temperatures  and  pressures. 
A  plot  such  as  Fig.  2  provides  the  required 
thermal  limit  information  for  a  unit  with  ex¬ 
ternal  source  cooling  under  steady- state  con¬ 
ditions.  This  type  of  presentation  is  already 
used  in  MIL-E-i9600A  for  air-cooled  modules; 
it  should  have  a  more  general  application. 

The  plot  is  a  limiting  condition  plot  which 
indicates  the  coolant  flow  required  at  any  par¬ 
ticular  cooUnt  inlet  temperature,  ambient 
pressure,  and  ambient  temperature  to  maintain 
the  most  critical  part  at  its  allowable  maximum 
temperature.  The  plot  can  be  produced  directly 


Fig.  3  -  Unit  flow  resistance 
characteristic  curve 


Transient  Data 

Some  form  of  thermal  transient  infonna- 
tion  may  be  of  interest  for  both  ambient  cooled 
units  and  units  with  external  source  cooling. 
Since  there  are  a  wide  variety  of  possible  situa¬ 
tions,  only  a  general  plot  similar  to  Fig.  4  can 
be  suggested.  This  will  provide  an  Indication 
of  the  temperature  rise  of  various  critical  com¬ 
ponents  versus  time. 

In  many  cases,  the  actual  antic4>ated  oper¬ 
ating  environments  differ  considersdrly  from 
the  required  test  conditions.  The  present 
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Fig.  4  -  Unit  transient  performance  curve 


required  testing  approaches  provide  insufficient 
data  to  make  any  adequate  performance  predic¬ 
tions.  However,  the  thermal  test  data,  obtained 
and  presented  as  discussed,  will  provide  for 
convenient  extrsq)olation  to  a  wide  variety  of 
actual  operating  environments. 


THERMAL  PERFORMANCE  EVALUATION 


the  penalty  associated  with  only  the  cooling  pro¬ 
visions  to  the  total  penalty  for  the  entire  equip¬ 
ment,  provides  such  a  reference.  The  ratio  of 
the  two  parameters  is  essentially  a  ratio  of  the 
"cost"  of  the  cooling  provisions  to  the  total 
"cost"  in  vehicle  performance,  of  the  entire 
equipment.  In  order  to  obtain  this  ratio,  a 
method  of  estimating  the  relative  penalties  as¬ 
sociated  with  the  cooling  provisions  and  the 
equipment  as  a  whole  must  be  formulated.  The 
first  step  is  to  identify  those  cooling  provision 
factors  and  overall  equipment  factors  which 
may  affect  the  air  veUcle  performance. 

Cooliiy  Provision  Weight  (W,)  -  The 
weight  ot  the  items  associated  with  cooling  act 
directly  to  decrease  the  payload  or  the  range 
for  the  particular  vehicle  involved.  These  items 
include  blowers,  heat  exchangers,  baffles  and 
distribution  ducts.  Even  in  cases  of  dual  func¬ 
tion,  i.e.,  an  item  such  as  a  cold  plate  which 
also  acts  as  a  structural  member,  some  portion 
of  the  item  total  weight  is  chargeable  to  the 
cooling  provisions. 


If  the  basic  thermal  performance  limits 
are  established,  the  next  question  that  arises 
is,  "How  good  is  the  design?"  There  are,  of 
course,  a  number  of  qualitative  statements  that 
can  always  be  made,  but  the  desired  end  in  this 
program  is  a  valid  formal  design  evaluation 
technique.  A  basic  goal  of  any  thermal  design 
provision  is  to  provide  the  desired  environment 
for  the  equipment  parts  with  minimum  resultant 
penalty  to  the  air  vehicle.  Obviously  then,  the 
most  meaningful  evaluation  method  is  one  based 
on  aircraft  penalty  considerations.  If  it  can  be 
shown  that  the  equipment  meets  the  specification 
thermal  requirements  by  the  thermal  perform¬ 
ance  limit  data,  then  the  design  with  minimum 
resultant  penalty  to  the  air  vehicle  is  the  most 
desirable.  The  following  section  will  deal  in 
detail  with  the  problem  of  air  vehicle  penalty 
considerations. 


Aircraft  Penalty  Considerations 

The  necessity  to  provide  coolant  circula¬ 
tion,  electrical  power  for  equipment  cooling 
provisions,  and  extra  structural  and  fuel  weight 
to  carry  the  additional  cooling  provision  weight, 
adversely  affects  air  vehicle  performance.  The 
actual  penalty  to  the  vehicle  resulting  from  an 
equipment's  cooling  provisions  can  be  calcu¬ 
lated  in  terms  of  a  basic  performance  parame¬ 
ter  such  as  miles.of  range  or  decrease  in  pay- 
load  weight. 

Such  a  penalty  parameter  should  be  related 
to  some  frame  of  reference.  A  comparison  of 


Provision  Electrical  Power  Re¬ 


quirements  (P.,)  —  The  electrical  power  re- 
qulred  for  punips,  blowers,  and  thermoelectric 


cooling  devices  acts  to  penalize  the  aircraft  by 


requiring  a  larger  electrical  system  with  at¬ 
tendant  decrease  in  payload  or  range.  This 
power  requirement  is  another  "cost”  of  cooling 
to  the  aircraft. 


Cooling  Provision  Volume  (V.)  -  The  vol¬ 
ume  required  for  the  cooling  provisions  absorbs 
space  which  could  be  used  for  added  functional 
equipment. 


Cooling  Provi^n  Demand  on  Central  Cool¬ 
ing  System  (w)  —  The  parameter  involves  the 
amount  of  coolant  required  at  the  thermal  design 
condition.  In  all  probability  the  largest  air  vehi¬ 
cle  performance  penalty  associated  with  cooling 
results  from  the  need  for  an  air  vehicle  central 
cooling  system.  Even  the  simplest  ram  air  sys¬ 
tem  compromises  the  air  vehicle  performance 
to  some  degree. 


Overall  Equipment  Factors  —  The  total 
equipment  weight  (W^),  volume  (V^),  total  elec¬ 
trical  power  dissipation  (P^),  and  coolant  flow 
(w)  affect  the  air  vehicle  performance  in  the 


same  manner  as  the  correq»nding  qmcific 


cooling  provision  factors  discussed  above. 


Derivation  of  Simplified  Penalty  Relations 

A  preliminary  study  was  made  to  investi¬ 
gate  various  methods  of  thermal  design  penalty 
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evaluation.  A  number  of  extremely  detailed 
rigorous  approaches  were  tried,  however,  their 
complexity  did  not  appear  worthwhile  in  this 
application.  In  an  effort  to  define  a  practical, 
less  rigorous  method  of  penalty  evaluation,  the 
following  line  of  reasoning  was  pursued; 

First,  it  was  assumed  that  we  are  always 
considering  a  flight  vehicle  whose  design  param¬ 
eters  are  fixed.  Even  though  the  vehicle  may 
be  in  the  early  design  phases  at  the  instant  of 
the  equipment  penalty  evaluation,  it  is,  for  that 
instant,  considered  a  fixed  design.  This  means 
that  no  minor  changes  in  any  equipment  cooling 
provision  parameter  will  affect  the  overall  per¬ 
formance  requirements  in  terms  of  mission- 
range,  payload,  and  so  on. 

The  next  assumption  was  that  the  flight 
vehicle  was  specifically  designed  to  carry  a 
given  quantity  of  payload  and  equipment  on  a 
specified  mission.  In  order  to  do  this,  it  must 
provide  electrical  power,  possibly  some  exter¬ 
nal  coolant  supply,  and  "transportation"  for  the 
equipment  and  payload.  We  could  then  define 
the  flight  vehicle  as  essentially  being  made  up 
of  elements  to  accomplish  these  tasks. 

Based  on  the  concept  that  these  services 
are  equally  important  to  the  success  of  a  mis¬ 
sion,  the  weight  penalty  due  to  the  fuel  on  board 
at  take-off  shall  be  equally  distributed  among 
all  the  items  which  make  up  the  complete  fuel¬ 
less  vehicle.  It  should  then  be  possible  to  al¬ 
locate  a  portion  of  each  of  the  flight  vehicle 
elements  to  each  item  of  on-board  equipment 
and  payload.  In  order  to  accomplish  such  an 
apportionment,  it  is  necessary  to  find  a  com¬ 
mon  denominator  to  represent  the  flight  vehicle 
items.  By  assuming  that  we  have  a  fixed-flight 
vehicle  design  with  fixed  gross  weight  and 
range,  a  logical  parameter  to  use  is  take-off 
weight.  Each  basic  flight  vehicle  element  has 
associated  with  it  a  weight  at  take-off.  These 
weights  can  be  allocated  on  a  usage  basis  to 
each  of  the  onboard  equipment  and  payload 
items.  If  this  allocate  weight  is  then  added  to 
their  reqmctive  weights  at  take-off,  a  total 
equivalent  weight  at  take-off  is  obtained  for 
each  piece  of  transported  equipment  and  pay- 
load.  If  the  allocation  can  be  sufficiently  de¬ 
tailed,  an  equivalent  weight  at  take-off  can  also 
be  calculated  for  individual  equ4>ment  cooling 
provisions.  As  previously  suggested,  this 
cooling  provision  equivalent  weight  can  be 
compared  to  the  equivalent  weight  at  take-off 
for  the  entire  equipment  and  a  relative  cooling 
provision  penalty  indication  obtained. 


The  implementation  of  the  previous  dis¬ 
cussion  can  be  illustrated  lu  equation  form 

i 


as  follows:  Define  basic  air  vehicle  items 
as  follows: 

v,f  -  Weight  of  basic  airframe  structure 
and  propulsion  groig)  (lb) 

v, ,,  -  Weight  of  flight  vehicle  coolant  sup¬ 

ply  system  at  take-off  (lb) 

ff,  -  Weight  of  all  on-board  equipment  ex¬ 
cluding  coolant  and  electrical  power 
systems  (lb) 

Wp  -  Total  weight  of  flight  vehicle  electri¬ 
cal  power  plant  including  distribution 
system  (lb) 

fff  -  Flight  vehicle  fuel  weight  at  take-off 
(lb) 

W.  -  Flight  vehicle  gross  weight  at  take¬ 
off  (lb) 

W|  -  Dry  weight  of  flight  vehicle  (lb) 

P.  -  Flight  vehicle  net  electrical  power 
capacity  available  to  items  which 
compose  W,  (watts) 

w,  -  Flight  vehicle  coolant  sun>ly  capacity 

at  flight  conditions  corresponding  to 
thermal  design  condition  (Ib/min) 

It  follows  that: 


f  J  =  Wj  -  w, , 


and 


W,  -  Wl  -  Wj,  -  Wp  -  w,, . 

The  following  relations  will  allow  allocation 
of  the  take-off  weight  of  the  various  air  vehicle 
items  on  a  usage  basis: 

lb  of  take-off  areight 

watt 

lb  of  teke-off  weight 
lb  per  nin 

lb  of  teke-eff  weight 
lb  of  on-board  equlpnent  and  payload  ' 

The  cooling  provision  and  equipment  pen¬ 
alty  factors  discussed  previously  will  be  the 
basis  for  allocation  of  the  weight  ratio  terms 
to  the  specific  equipments. 

If  a  gross-to-empty  weight  ratio  ff  is 
inclwled,  the  total  equivalent  weight  at  take-off 
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or  equivalent  weight  penalty  (Wt.)  associated 
with  a  piece  of  equipment  is  defined  as  follows: 


Similarly,  an  equivalent  weight  penalty  (We^) 
for  Just  t^  equipment  cooling  provisions  can 
be  defined  as  follows: 


+  P, 


The  ratio  between  the  cooling  provision  and 
equipment  total  equivalent  weight  penalties 
/!(  provides  a  valid  relative  indication  of 
of  the  "cost"  of  the  unit  cooling  provisions  to 
the  air  vehicle. 


It  should  be  noted  that  the  cooling  provision 
or  equipment  volumes  do  not  enter  into  the  pen* 
^ty  considerations  mentioned  previously.  This 
is  a  result  of  the  assumption  that  the  aircraft 
design  is  fixed.  For  purposes  of  this  considera¬ 
tion,  any  change  in  volume  of  an  equipment  would 
merely  reflect  as  more  available  iqpace,  but 
would  not  directly  affect  aircraft  performance 
as  defined  by  its  weight  at  take-off.  The  changes 
could  not  show  up  as  changes  in  structure  weight 
or  in  range,  since  the  air  vehicle  is  assumed 
fixed  and  the  airframe  could  not  be  made  smaller 
or  the  fuel  storage  made  larger. 


Accuracy  of  Penalty  Calculations 

The  use  of  penalty  evaluation  calculations 
provides  the  only  valid  basis  for  accurately  as¬ 
sessing  the  relative  cost  of  the  various  unit 
cooling  provision  parameter.s.  The  above  equiv¬ 
alent  weight  penalty  calculation  techniques  are 
only  approximations  of  the  real  air  vehicle  pen¬ 
alty  situation.  They  are  however,  simple,  and 
straightforward  in  interpretation.  If  the  funda¬ 
mental  terms  of  the  relationships  are  not  ac¬ 
curate  in  absolute  value,  but  are  in  approxi¬ 
mately  the  correct  proportions,  both  the  designer 
and  tlw  evaluator  can  still  make  use  of  the  data. 
The  designer  desires  only  to  have  relative  values 
for  his  "trade-off"  decisions.  In  order  to  com¬ 
pare  units  designed  to  the  same  environment, 
the  evaluator  will  be  generally  limited  to  a 
conq>arison  of  units  in  the  same  vehicle.  The 
relative  values  of  penalties  are  used  for  com¬ 
parison  by  alleviating  the  requirement  of  abso¬ 
lute  accuracy.  In  the  event  that  the  air  vehicle 
manufacturer  has  a  detailed  penalty  evaluation 
program  set  iq>,  it  is  possible  that  this  program 
can  be  utilized  to  provide  the  necessary  com¬ 
parative  penalty  indication. 


Reliability  Considerations 

The  fundamentsd  purpose  of  the  thermal 
design  effort  has  been  stated  as  that  of  provid¬ 
ing  for  the  desired  part  environment.  Essen¬ 
tially,  this  means  providing  for  part  tem¬ 
peratures  which  are  always  at  or  below  the 
temperature  necessary  to  assure  proper  oper¬ 
ation  and  reliability.  In  the  simplest  terms,  it 
is  assumed  that  the  equ4>ment  must  maintain 
some  required  reliability  or  mean  time  be¬ 
tween  failures  at  the  thermal  design  condition. 
If  it  does  this,  the  thermal  design  is  adequate 
from  that  standpoint  and  can  be  evaluated  on 
the  basis  of  its  cost  to  the  air  vehicle.  It  is 
necessary  then  to  demonstrate,  as  a  part  of  any 
thermal  evaluation,  that  the  equipment  will 
meet  the  specified  reliability  requirement.  In 
some  detailed  equipment  specifications  there  is 
a  firm  reliability  demonstration  requirement. 

If  this  takes  the  form  of  actual  life  testing  at 
the  thermal  design  conditions,  the  test  results 
v'ould  provide  the  necessary  reliability  verifi¬ 
cation.  In  many  detailed  equipment  specifica¬ 
tions,  however,  there  is  neither  a  firm  relia¬ 
bility  requirement  nor  a  reliability  test 
specified.  It  is  felt,  therefore,  that  a  relia¬ 
bility  determination  requirement  should  be  a 
part  of  any  thermal  design  evaluation  specifi¬ 
cation.  This  determination  should  be  made  on 
the  basis  of  the  thermal  design  conditions,  to 
establish  what  the  cooling  provisions  actually 
accomplished. 

Equipment  reliability  is  usually  defined  as 
the  probability  of  its  survival  for  a  given  in¬ 
terval  of  time.  In  equation  form: 


where 

KTBF  -  Mean  time  between  failures  (hr) 

S  -  Reliability  (probability  of  survival 
for  r  )■  (dimensionless) 

r  -  Specified  interval  of  time  (hr) 

e  -  Base  of  natural  logarithms 
(dimensionless) 

This  relation  is  tq)plicable  during  the  so- 
called  constant  mean-time-to-fallure  Interval. 
This  period  occurs  after  the  initial  debugging 
period  and  prior  to  the  final  wear  out.  It  com¬ 
prises  most  of  the  equipment's  useful  life. 

Determining  reliability  reduces  itself  to 
determining  MTBF  for  the  equipment  under  the 
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conditions  of  interest.  The  straightforward 
method  of  obtaining  an  experimental  estimate 
of  MTBF  is  to  operate  the  equipment  over  a 
period  of  time  and  to  count  the  failures.  The 
total  operating  time  divided  by  the  total  number 
of  failures  gives  an  estimate  of  the  mtbf.  The 
problem  is  that,  to  obtain  a  statistically  sig¬ 
nificant  result,  a  considerable  number  of  fail¬ 
ures  must  be  noted  and  this,  in  turn,  involves  a 
considerable  amount  of  test  time  and/or  equip¬ 
ments.  This  is  not  justified  merely  to  obtain  a 
thermal  performance  bench  mark. 

An  alternate,  though  somewhat  less  direct, 
method  presents  the  most  likely  compromise. 
This  method  involves  first  measuring  part  tem¬ 
peratures  and  electrical  loading  at  the  thermal 
design  condition.  This  information  is  then  used 
in  conjunction  with  published  part  failure  rate 
data  to  predict  the  expected  part  failure  rates 
for  their  actual  environment.  These  failure 
rates  are  then  combined  to  give  an  estimate  of 
overall  equipment  reliability.  A  large  number 
of  objections  to  this  technique  of  reliability 
estimation  have  been  expressed.  Despite  this, 
it  must  be  emphasized  that  the  Advisory  Group 
on  Reliability  in  Electronic  Equipment  (AGREE) 
supports  this  approach.  The  procedure  is  re¬ 
quired  by  some  current  Military  Specifications 
such  as  MIL-R-22256  (Aer)  dated  20  November 
1959,  "Reliability  Requirement  for  Design  of 
Electronic  Equipment  or  Systems."  The  pro¬ 
posed  estimation  techniques  have  also  gained 
sufficient  general  acceptance  to  be  required  by 
all  new  contracts  for  electronic  equipment 
awarded  by  the  Naval  Bureau  of  Weapons. 

It  is  proposed,  then,  to  use  actual  part  tem¬ 
peratures  obtained  in  the  thermal  design  condi¬ 
tion  test  with  calculated  or  measured  part  fail¬ 
ure  rate  data  to  provide  an  equipment  reliability 
performance  reference  as  required  for  thermal 
evaluation.  If  applicable  reliability  test  data  is 
made  available,  it  shall  be  used  for  the  thermal 
evaluation. 

The  foregoing  method  will  provide  an  esti¬ 
mate  of  the  MTBF  for  the  equipment  at  the  ther¬ 
mal  design  condition.  It  remains  to  relate  this 
to  some  bench  mark  to  obtain  an  indication  of 
the  effectiveness  of  the  thermal  design  in  pro¬ 
viding  the  desired  part  environment.  The  obvi¬ 
ous  bench  mark  is  the  detailed  equipment  spec¬ 
ification  requirement,  if  one  exists.  In  other 
words,  the  ratio  of  the  measured  or  estimated 
MTlV  to  the  required  MTBF  should  be  equal  to  1, 
for  optimum  design.  This  ratio  defined  as 
MTBF/MTBF,p,,.  will  be  referred  to  as  the  Reli¬ 
ability  Factor. 

It  is  felt  that  the  emphasis  on  reliability 
estimation  and  the  requirement  to  examine 


individual  parts  in  relation  to  their  thermal 
environment  will  tend  to  improve  equipment 
thermal  design. 


Thermal  Design  Index 

On  the  basis  that  the  Equivalent  Weight 
Penalty  Ratio  and  the  Reliability  Factor  repre¬ 
sent  the  most  valid  evaluation  parameters,  they 
are  singled  out  as  the  two  items  defining  a 
thermal  design  index.  This  index  can  be  cal¬ 
culated  for  all  equipments  as  an  absolute  indi¬ 
cation  of  the  success  of  the  thermal  design 
effort  in  minimizing  the  air  vehicle  penalty  and 
attaining  the  desired  reliability  performance 
goal.  The  index,  as  such,  needed  only  be  pre¬ 
sented  as  two  factors: 


and 

MTBF  .  ( _ ) 

, pec  i  fled)  ( 


Supplementary  Evaluation  Factors 

The  aircraft  penalty  ratio  and  reliability 
factors  incorporated  into  the  thermal  design 
index  provide  a  valid  absolute  thermal  design 
evaluation  based  on  vehicle  penalty  evaluation 
considerations.  It  is,  however,  also  desirable 
to  examine  the  various  individual  cooling  pro¬ 
vision  factors  on  an  equipment  basis.  For  ex¬ 
ample,  cooling  provision  weight  can  be  directly 
compared  to  the  total  equipment  weight  as  an 
indication  of  the  cost  of  the  thermal  design  to 
the  equipment.  The  cooling  provision  volume 
was  not  used  for  aircraft  penalty  considerations 
as  previously  discussed.  It  is,  however,  of  in¬ 
terest  when  examining  the  detailed  equipment 
design.  There  are  also  a  number  of  other  fac¬ 
tors  which  will  be  referred  to  herein  as  sup¬ 
plementary  evaluation  factors  which  are  useful 
in  considering  the  equipment  thermal  design. 

In  situations  where  vehicle  data  is  not  readily 
available,  these  factors  can  be  used  in  evaluat¬ 
ing  the  effectiveness  of  the  design.  The  follow¬ 
ing  supplementary  evaluation  parameters  are 
felt  to  be  of  special  interest. 

Cooling  Provlston  Weight  Ratio  — 
This  factor  is  simply  the  ratio  of  the  cooling 
provision  weight  to  the  total  equipment  weight. 
In  general,  a  ratio  less  than  0.15  is  desirable. 

Cooling  Provision  Volume  Ratio  V,/V,  — 
This  factor  is  the  ratio  of  the  cooling  provision 
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volume  to  the  total  equipment  volume.  The 
cooling  provision  volume  would  include,  by 
definition,  the  volume  of  all  these  items  cal- 
cul^ed  as  the  elements  of  the  cooling  provi¬ 
sion  weight.  A  ratio  of  less  than  0.  IS  is  con¬ 
sidered  desirable. 

Cooling  Provision  Electrical  Power  Ratio 
Pc/P,  —  This  factor  is  the  ratio  of  the  cooling 
provision  power  to  the  total  equipment  heat 
dissipation.  This  ratio  would  be  in  the  neigh¬ 
borhood  of  0.15  for  a  reasonable  design. 

Heat  Transfer  Factor  for  Unit  With  Ambient 
Cooling  (KTF)  —  Along  with  the  separate  consid¬ 
eration  of  various  cooling  provision  factors  such 
as  weight,  volume,  and  power,  it  is  highly  desir¬ 
able  to  examine  the  detailed  heat  transfer  design. 
Due  to  the  differences  in  configuration,  a  differ¬ 
ent  parameter  definition  is  necessary  for  units 
with  ambient  cooling  and  those  with  external 
source  cooling. 

For  the  ambient  cooling  situation,  the  pa¬ 
rameter  selected  is  an  overall  heat  transfer 
coefficient  between  the  heat  dissipating  parts 
and  the  external  sink.  This  basic  equation  for 
heat  dissipation  from  a  unit  can  be  written  as: 

P,  =  144  (HTF)  A,  (t  -  t„  ) 

where 

A,  -  Unit  total  external  surface  area 
(sq  ft) 

P,  -  Unit  total  electrical  power  dissi¬ 
pation  (watts) 

HTF  -  Heat  transfer  factor  (watts/sq 
in.-C) 

t„  -  Average  ambient  temperature  (C) 

*p..i  “  Average  part  temperature  (C) 

Temperature  could  be  an  average  ambient 

temperature  or  a  cold  plate  mounting  tempera¬ 
ture.  In  solving  the  equation  for  this  HTF  we 
have 


Heat  Transfer  Factor  (HTF)  = 


144  A,  (t  -t,  )■ 


The  magnitude  of  this  parameter  is  an  indi¬ 
cation  of  the  effectiveness  of  the  thermal  de¬ 
sign.  The  values  used  for  this  calculation 
should  be  those  obtained  from  the  "Thermal 
Design  Condition  Test." 


Coolant  Utilization  Factor  for  Unit  With 
External  Source  Cooling  (CUF)  —  The  para¬ 
mount  heat  transfer  design  factor  of  interest  in 
units  with  external  source  cooling  is  the  coolant 
utilization  efficiency.  This  parameter  relates 
the  coolant  temperature  rise  to  the  maximum 
available  potential  for  coolant  heat  gain.  In 
equation  form: 


Coolsnt  Utilization  Factor  (CUF)  = 


0.0316  P, 


where 

Cp  -  Coolant  specific  heat  (BTU/lb-F) 

t^^  -  Bulk  coolant  inlet  temperature  (C) 

w  -  Coolant  flow  rate  (Ib/min) 

The  0.0316  is  a  constant  added  to  allow  use 
of  convenient  units  and  still  provide  a  dimen¬ 
sionless  CUF.  The  values  used  in  the  calcula¬ 
tion  should  be  those  resulting  from  the  thermal 
design  condition  test.  Ideally,  the  CUF  param¬ 
eter  has  a  value  of  1. 

It  is  acknowledged  that  there  may  be  addi¬ 
tional  parameters  of  interest.  A  study  of  the 
given  parameters,  in  relation  to  the  thermal 
design  environment  and  the  equipment  design, 
will  enable  a  semi-quantitative  evaluation  to  be 
made  throughout  the  design  program. 


TEST  PROGRAM 

A  test  program  was  set  up  to  verify  and 
prove  out  the  techniques  in  the  specification. 
Four  pieces  of  current  military  electronics 
were  evaluated  in  accordance  with  the  various 
procedures  and  the  results  were  used  to  assist 
in  preparation  of  portions  of  the  specification. 
The  details  of  this  program  are  discussed  in 
"Thermal  Design  Evaluation  Study,  Final  Re¬ 
port,"  Motorola  Report  WF  2472-2,  prepared 
under  Bureau  of  Weapons  Contract  IWas 
60-6030-c. 


THERMAL  PERFORMANCE  EVALUA¬ 
TION  SPECinCATION 

The  foregoing  discussion  has  established 
the  need  for  a  thermal  design  evaluation  spec¬ 
ification  and  has  dealt  with  specific  approaches 
to  the  thermai  evaluation  of  airborne  electronic 
equipment.  The  actual  preparation  of  MIL-T- 
23103  (WEP)  involved  the  organization  of  the 
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CONCLUSIONS 


above  concepts  into  military  specification  for¬ 
mat.  The  specification  contains  the  detailed 
procedure  and  techniques  required  to  obtain 
and  present  the  desired  thermal  performance 
limit  and  performance  evaluation  data. 

The  previous  discussion  presented  the 
background  for  the  major  evaluation  concepts 
in  the  specification  and  the  specification  itself 
can  be  read  for  the  details.  It  is  desirable  at 
this  point  to  summarize  the  basic  steps  in  the 
specification  procedure  as  it  would  be  applied 
to  a  piece  of  electronic  equipment. 

•  First  a  detailed  study  is  made  of  the 
unit  to  identify  heat  dissipating  and  critical 
parts.  Actual  electrical  stresses  are  deter¬ 
mined  for  all  parts  or  classes  of  parts.  The 
data  are  entered  on  standard  forms. 

s  Next  the  unit  is  thermally  and  electri¬ 
cally  instrumented  in  accordance  with  stand¬ 
ardized  procedures.  All  heat  dissipating  and 
critical  parts  are  monitored.  The  unit  elec¬ 
trical  performance  is  checked  before  and  after 
instrumentation.  The  unit  is  then  placed  in  a 
test  chamber. 

•  The  performance  limit  testing  is  car¬ 
ried  out.  This  initially  involves  steady- state 
performance  limit  testing  based  on  the  limiting 
critical  part  temperature.  Transient  and  Ther¬ 
mal  Design  Condition  Testing  will  then  be  con¬ 
ducted  as  required. 

e  The  data  are  reduced  in  accordance  with 
specified  standard  procedures. 

•  The  performance  limit  data  are  presented 
in  standard  format,  e.g.,  Figs.  1,  2,  3,  and  4, 
and  in  suitable  tabular  format. 

s  The  thermal  performance  evaluation  pa¬ 
rameters  are  presented  In  tabular  form. 


The  foregoing  discussion  has  been  con¬ 
cerned  primarily  with  a  detailed  consideration 
of  thermal  evaluation  procedures  as  a  back¬ 
ground  to  the  development  of  MIL- T- 23 103 
(WEP).  It  is  equally  important,  however,  to 
emphasize  the  value  of  such  procedures  to  a 
company  on  an  internal  basis  whether  a  spec¬ 
ification  requirement  exists  or  not.  The  stand¬ 
ard  use  of  this  type  of  detailed  thermal  evalua¬ 
tion  techniques  will  soon  educate  people 
concerned  with  equipment  design  and  develop¬ 
ment  to  consider  thermal  problems  at  the  incep¬ 
tion  of  the  design.  The  requirement  fordetailed 
part  application  information  continually  alerts 
designers  to  potential  problems.  The  standard 
test  procedures  eliminate  the  usual  confusion 
over  test  and  Instrumentation  techniques  and 
provides  an  assurance  of  valid  data.  Most  im¬ 
portant,  the  particular  presentation  of  the  re¬ 
sults  makes  it  obvious  as  to  what  kind  of  a  job 
was  done  and  provides  information  to  make 
intelligent  changes  to  improve  the  design. 
Motorola  has  been  ^plying  these  techniques  to 
equipment  with  significant  success  in  iq>grad- 
ing  thermal  performance. 

MIL-T-23103  (WEP)  will  be  issued  initially 
as  a  Bureau  of  Weapons  specification  and  is  pres¬ 
ently  being  coordinated  with  the  cognizant  indus¬ 
try  and  service  agencies.  It  is  highly  desirable 
that  those  personnel  involved  in  building,  testing, 
and  using  airborne  military  equipment  be  aware 
of  this  specification,  its  Intent  and  details. 

It  is  intended  that  the  specification  will  be 
as  a  guide  during  the  equipment  design  and  de¬ 
velopment  phases  with  the  full  scale  evaluation 
testing  being  done  on  engineering  or  preproduc¬ 
tion  models. 

Since  the  first  issue  of  any  specification 
may  require  changes,  a  program  has  been  set 
up  to  review  suggestions  and  to  make  appro¬ 
priate  corrections  or  alterations.  All  such 
comments  should  be  submitted  to  Code  RAAV- 
331  of  the  Bureau  of  Naval  Weapons,  Washing¬ 
ton  25,  D.  C.,  from  which  copies  are  available. 


DISCUSSION 


J.  Well  (IBM  Owego):  You've  done  some 
valuable  work  and  made  it  look  so  simple.  Un¬ 
fortunately,  we've  found  other  problems.  One 
of  the  difficulties  we  have  run  into  is  the  mean¬ 
ing  of  the  word  ambient.  For  example,  in  one 
case  we  found  the  surface  temperature  of  a 
component  tested  in  the  standard  tests,  the  65- 
degree  oven  "ambient,"  to  be  exactly  that  of 


an  identical  component  left  out  on  the  bench  in 
the  "ambient"  lab.  I  think  that  your  project 
should  include  more  work  on  the  meaning  of 
the  word  ambient  —  the  pressures,  the  temper¬ 
atures,  the  location  of  the  component  in  the  air 
stream.  Another  thing  I  would  like  to  suggest 
is  a  chapter  on  the  cooling  of  electronic  equip¬ 
ment  by  radiation  to  outer  space,  an  area  we 
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i  are  getting  into  more  and  more  in  space  work. 

I  It's  done  entirely  by  conduction  and  radiation. 

!  There  is  no  convection.  There  is  no  other 

I  cooling. 

i 

Mr.  Baum:  I  would  like  to  answer  this 
first  question  on  the  ambient  In  that  this  is 
exactly  the  sort  of  confusion  we  hope  to  allay 
in  the  specification.  I  cannot  define,  in  detail, 
every  term  now,  but  we  have  defined  what  we 
mean  by  ambient  specifically  in  terms  of  num¬ 
bers  of  thermocouples,  placement  of  thermo¬ 
couples,  averaging  techniques  to  be  used  to 
weigh  the  convection  ambient  adequately,  the 
radiation  ambient,  and  the  conduction  ambient. 
This  is  a  good  point  and  I  think  we  have  made 
an  attempt  to  do  this.  The  question  of  radiation 
is  a  very  valid  one.  We  also  are  working  on  a 
follow-up  program  with  the  Bureau  of  Naval 
Weapons  to  extend  the  coverage  of  the  specifi¬ 
cation  beyond  what  it  was  originally  intended 
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for  —  airborne  military  equipment.  But  we 
have  tried  to  cover  those  points  which  you 
bring  up. 

Mr.  Weil:  I  hope  you  realize  that  I  don't 
mean  to  be  critical.  This  is  a  very  difficult 
problem.  One  other  problem  we  have  run  into 
is  that  of  encapsulation.  Sometimes  when  you 
encapsulate  you  make  passive  components  hot¬ 
ter  than  they  would  be  in  your  airstream  and 
the  active  components  cooler.  This  is  another 
problem  area  —  so  is  this  reliability  number. 

Mr.  Baum:  We  feel  that  use  of  the  tech¬ 
niques  in  the  specification,  because  they  are 
standard  as  far  as  instrumentation  and  ap¬ 
proach  are  concerned,  will  begin  to  do  some¬ 
thing  about  some  of  the  problems  which  have 
been  mentioned  here. 


*  * 
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THE  RELATIONSHIP  OF  MEASURED  VIBRATION  DATA  TO 


SPECIFICATION  CRITERIA* 


R.  C.  Kroeger  and  G.  J.  Hasslacher,  III 
Light  Military  Electronics  Department 
General  Electric  Company 
Utica,  New  York 


The  highlights  of  a  successful  vibration-data  measurement  program  ~ 
from  sensor  selection  and  evaluation  to  data  processing  ~  are  re¬ 
viewed.  Time-sampled  data  from  missile  flights  are  analyzed,  and 
various  errors  attendant  to  spectral  analysis  are  considered.  Unique 
methods  of  data  presentation  are  discussed  also.  Finally,  the  respec¬ 
tive  accuracies  of  the  data  analyses  are  compared,  and  the  impact  of 
these  data  on  design  specifications  is  noted. 


INTRODUCTION 

For  years  vibration  measurements  have 
been  made  on  flight  and  captive  tests  of  missiles 
and  aircraft.  Instrumentation  has  been  improved 
to  cover  a  much  broader  range  of  frequencies. 

At  the  same  time,  data  processing  methods  have 
been  improved  from  the  earlier  waveform  anal¬ 
ysis  techniques  (Ref.  1)  of  counting  low-frequency 
peaks,  measuring  amplitudes  from  oscillographs, 
and  presenting  "fly- speck"  frequency  spectra,  to 
the  more  modern  methods  of  spectral  analysis 
with  swept  and  fixed  filters  and  even  auto¬ 
correlation.  The  result  is  that  testing  techniques 
and  specification  criteria  have  evolved  from 
sinusoidal  tests  In  the  frequency  range  below 
55  cps  to  combined  sinusoidal  and  random  ex¬ 
citation  at  frequencies  to  2000  cps  and  higher. 

The  errors  and  difficulties  that  plagued  the 
original  data  measurement  efforts  —  loss  of 
calibrations,  the  presence  of  60-cycle  noise 
with  its  hierarchy  of  harmonics,  resonance  of 
accelerometer  mountings,  recording  system 
linearity,  and  frequency  response  —  are  still 
noted  in  today's  data,  but  fortunately  to  a  lesser 
degree.  More  subtle  types  of  errors,  however, 
do  result  from  certain  methods  of  analysis  of 
random  data.  The  effect  of  these  errors  is  not 
so  well  known  nor  so  universally  understood, 
althou^  several  authors  have  investigated  the 
effect  on  spectrum  analysis  accuracies  of  the 


time  duration  of  the  data  sample,  the  bandwidth 
of  the  analyzer/filter,  the  sweep  rate  of  the 
analyzer/filter,  and  the  time  constant  of  the 
averaging  circuit  in  the  spectrum  analyzer. 

It  is  our  purpose  to  highlight  a  successful 
data  measurement  program  by  describing  data 
processing  methods  and  the  effects  of  data 
processing  on  spectral  accuracies,  and  by  out¬ 
lining  some  specialized  techniques  previously 
unpublished.  Further,  we  will  show  that  ultra 
conservative  specification  criteria  are  the  re¬ 
sult  of  data  which  are  improperly  analyzed  or 
interpreted. 


DATA  RECORDING  AND 
INSTRUMENTATION 

The  first  step  in  an  environmental  data 
gathering  program  is  evaluation  and  choice  of 
instrumentation.  The  instrumentation/recording 
system  used  in  a  successful  missile-vibration, 
data-gatherlng  program  is  shown  schematically 
in  Fig.  1.  Several  tests  were  performed  on  each 
piece  of  hardware  in  the  system  to  insure  the 
success  of  the  vibration  data-gathering  program. 

Accelerometers  were  checked  for  sensi¬ 
tivity  and  frequency  response  by  the  use  of 
standard  calibration  techniques;  for  natural 
frequency  and  damping  by  the  use  of  transient 


'i'This  paper  was  not  presented  at  the  Symposium. 
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Fig.  1  -  Instrumentation  recording  system 


mechanical  excitation;  for  iateral  sensitivity  or 
cross-talk  by  rotating  the  accelerometers  dur¬ 
ing  lateral  excitation;  and  for  linearity  by  the 
use  of  resonant  beams.  Also,  calibrations  were 
performed,  with  and  without  pads  secured  to  the 
base  of  the  accelerometer  for  electrical  insula¬ 
tion,  to  show  that  there  was  no  change  in  sensi¬ 
tivity  ig>  to  2  kc. 

Two  noteworthy  departures  from  standard 
practice  were  the  determination  of  open  circuit 
sensitivity,  ,  and  internal  capacitance,  c,  for 
each  accelerometer  and  the  use  of  a  "dummy" 
accelerometer. 


(^en-Circult  Sensitivity  s,,  and 
Internal  Capacitance  c 

These  two  parameters  were  determined  for 
each  accelerometer.  Reference  2  develops  the 
theory  and  points  out  the  necessity  for  ascer¬ 
taining  the  parameters.  If  the  cable  length  be¬ 
tween  accelerometer  and  cathode  follower  dur¬ 
ing  service  use  is  different  from  the  cable 


length  during  calibration,  new  accelerometer 
sensitivities  can  be  calculated  using  S  ,  C,  and 
the  c^acitance  of  the  replacement  cable. 


Dummy  Accelerometer 

On  several  firings,  the  output  of  a  cathode 
follower  connected  to  a  dummy  accelerometer 
was  recorded.  The  dummy  accelerometer  con¬ 
sisted  of  a  1000-mmf  capacitor  covered  with 
potting  compound  shaped  to  the  dimensions  and 
mounting  configuration  of  a  standard  acceler¬ 
ometer.  The  capacitor  was  connected  to  the 
cathode  follower  input  with  a  standard  accel¬ 
erometer/cathode  follower  connecting  cable. 
This  measurement  was  designed  to  demon¬ 
strate  the  magnitude  and  frequency  spectrum  of 
spurious  noise  in  the  vibration  data  recording 
system. 

To  assure  that  the  dummy  accelerometer 
measurement  would  not  be  affected  by  envi¬ 
ronmental  vibration  and  would  yield  satisfac¬ 
tory  data  on  the  noise  characteristics,  the 
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dummy  accelerometer  and  a  cathode  follower 
were  vibrated  from  10  to  2000  cps  with  sinus¬ 
oidal  inputs  up  to  ^30  g.  There  was  no  notice¬ 
able  change  in  quiescent  noise. 

Cathode  followers,  amplifiers,  and  filters 
each  were  checked  for  gain,  frequency  response, 
and  linearity. 

In  all  cases,  sensors  were  secured  to  rigid 
missile  structures  by  the  use  of  solid  mounting 
blocks  rather  than  brackets.  Peaks  on  the  data 
would  thus  result  from  an  environmental  input 
to  the  accelerometers  which  were  located  as 
close  as  possible  to  the  mounting  points  of  elec¬ 
tronic  equipment.  Before  several  captive  fir¬ 
ings  the  accelerometers  were  excited  with  tran¬ 
sient  excitation,  and  the  outputs  were  recorded 
to  obtain  an  estimate  of  natural  frequencies. 
These  tests  aided  in  Interpreting  the  spectral 
characteristics  of  the  measured  data. 

The  filter  outputs  (Fig.  1)  were  fed  to  their 
respective  recording  systems  and  the  results 
recorded  on  magnetic  tape.  The  data  were  re¬ 
ceived  in  two  different  magnetic  tape  formats 
depending  on  whether  the  data  were  obtained 
from  flight  or  captive  test.  In  either  case,  the 
vibration  data  were  modulated  on  a  standard 
carrier  frequency  and  once  the  carrier  was 
removed  (demodulated)  the  method  of  data 
processing  was  roughly  the  same. 


DATA  PROCESSING  SYSTEM 

The  data  processing  system  was  designed 
to  handle  either  continuous  or  slowly  sampled 
(2- second  bursts)  vibration-data  frequency 
modulated  on  magnetic  tapes. 

The  following  information  was  needed  from 
the  vibration  data:  (1)  variation  of  rms  accel¬ 
eration,  tr,  with  flight  time;  (2)  variation  of  zero 
to  peak  acceleration  (called  peak  or  vector  ac¬ 
celeration)  with  flight  time;  (3)  the  probability 
distribution  of  instantaneous  accelerations  in 
the  flight  waveforms;  (4)  the  spectral  density 
(g^  rms/cps)  and  frequency  distribution  of  the 
random  vibration  energy  (called  the  frequency 
q>ectrum);  (5)  the  magnitudes  (g  rms)  and  fre¬ 
quencies  (cps)  of  periodic  components  in  the 
waveforms.  The  data  processing  scheme  was 
tailored  to  achipve  these  objectives. 

The  data  processing  system  is  reasonably 
standard  (Fig.  2),  but  certain  features  are 
noteworthy. 


Time  Decoder 

The  time  decoder  was  used  to  initiate  auto¬ 
matically  the  recording  on  a  tape  loop  of  a  pre¬ 
selected  time  sample  of  vibration  data.  It  was 
designed  to  accept  a  10-bit,  binary  time  code, 
amplitude- modulated  on  a  1000-cps  carrier.  A 
flight  time  interval  was  selected  for  analysis; 
the  time  at  the  beginning  of  this  interval  was 
identified  in  code;  the  code  was  pre-programmed 
into  the  decoder;  and  through  coincidence  cir¬ 
cuitry,  the  time  to  start  recording  was  identi¬ 
fied.  Recording  was  initiated  automatically. 


RMS  Measurement 

To  provide  checks  on  the  fidelity  of  record¬ 
ing  and  the  accuracy  of  data  processing,  rms 
accelerations  were  measured  in  several  differ¬ 
ent  ways: 

1.  The  filtered  discriminator  output  from 
the  original  tape  was  measured  on  a  true  root- 
mean- square  (rms)  meter  for  quick- look  data. 

2.  The  same  output  was  rectified  and  fed 
through  true  rms  detectors  whose  dc  output 
was  recorded  continuously  on  oscillographs  to 
help  locate  a  time  interval  with  reasonably  sta¬ 
tionary  vibration  for  subsequent  spectral 
analysis. 

3.  The  rms  level  of  the  tape-loop  discrim¬ 
inator  output  was  measured  with  a  true  rms 
meter  to  assure  that  spurious  noise  had  not 
been  Introduced  in  playback  and  re-recording. 

4.  The  square  root  of  the  integral  of  the 
frequency  spectrum  was  compared  with  the 
measurements  1  to  3  for  a  check  on  overall 
spectral  accuracy.  With  proper  care,  it  was 
found  that  these  four  rms  measurements  would 
differ  by  less  than  10  percent. 


Choice  of  Length  of  Data  Sample 

When  flight  data  were  commutated  at  a 
fixed  slow- sampling  rate,  the  length  of  the  data 
sample,  and  thus  the  tape  loop  length,  was  pre¬ 
determined.  When  data  were  continuous,  the 
length  of  the  data  sample  was  extended  as  much 
as  was  consistent  with  the  stationary  character 
of  the  waveforms  and  the  allowable  tape- loop 
length  on  the  loop  transport. 

The  long  sample  was  chosen  to  maximize 
spectral  accuracies  while  still  maintaining 
reasonable  qiectral  resolution,  l.e.,  using  nar¬ 
row  filter  bandwidths  for  definition  of  resonances. 
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Fig.  2  -  Data  processing  system 


References  3,  4,  and  5,  among  others,  point  out 
the  incompatibility  of  high  s^ctral  accuracy 
and  good  spectral  resolution.  These  same  ref¬ 
erences  explain  the  reasons  for  inaccuracies  in 
power  spectrum  measurements.  Two  errors 
are  involved:  the  error  in  the  quality  of  the 
estimate,  i.e.,  the  confidence  that  the  result  is 
within  the  desired  approximation  of  the  true 
power  spectrum,  and  the  error  in  measure¬ 
ment,  i.e.,  the  experimental  error  Introduced 
into  the  measurement  itself.  The  sample  length 
choice  is  concerned  with  the  first  of  these, 
while  the  rms  checks  described  earlier  help 
assess  the  experimental  error. 

Since  the  analysis  time  was  finite,  the  re¬ 
sult  of  each  analysis  can  only  be  an  estimate  of 
the  true  spectral  density.  The  accuracy  of  this 
estimate  depends  on  the  product  of  the  sample 
duration  in  seconds '  (T)  and  the  analyzer /filter 
effective  noise  bandwidth  (B).  As  the  product 
(BT)  Increases,  the  spectrid  accuracy  also  in¬ 
creases.  For  this  reason,  the  tape-loop  sample 
duration  was  made  as  long  as  possible,  and 
never  less  than  2  seconds. 


Choice  of  Filter  Baixilwidth 

The  relationship  among  filter  bandwidth, 
sample  duration,  and  spectral  accuracy  is 
shown  in  Fig.  3  (Ref.  3).  A  spectral  accuracy 
criterion  was  established  arbitrarily.  It  was 
decided  that  with  90  percent  assurance,  errors 
in  spectral  density  should  be  less  than  ±20  per¬ 
cent.  Figure  3  shows  that  the  product  of  sam¬ 
ple  duration  and  filter  bandwidth  should  be  ap¬ 
proximately  70  to  satisfy  this  criterion.  Since 
the  shortest  sample  duration  (tape-loop)  was  2 
seconds,  a  filter  bandwidth  of  approximately 
35  cps  was  chosen  for  initial  spectrum  anal¬ 
yses.  Those  portions  of  the  resulting  spectrum 
showing  relatively  high  spectral  peaks,  either 
from  periodic  components  or  resonances  of  the 
structure  on  which  sensors  were  mounted,  were 
re-analyzed  with  a  much  narrower  filter  band¬ 
width  to  provide  better  spectral  resolution. 

Choice  of  Filter  Sweep  Rate 

Several  authors  have  investigated  the 
reduction  in  spectral  amplitude  caused  by 
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<.  IN  PER  CENT 


Fig.  3  -  Probability  of  not  exceeding  error, 


filter  sweep  rate,  c.  Reference  4  presents 
the  work  of  one  author  as: 

=  2(AF12, 

where 

Cg,,  is  the  maximum  scanning  rate  (cps/ 
second),  and 

AF  is  the  filter  bandwidth  at  the  half¬ 
power  points  (cps). 

The  result  was  determined  experimentally 
on  the  basis  that  filter  transients  would  not  in¬ 
terfere  with  the  analysis.  Chang  (Ref.  5)  sug¬ 
gests  a  sweep  rate  of  e  «  and  Moody  (Ref. 
6)  recommends  that  e  <  8^/4 ,  where  B  is  the 
effective  noise  bandwidth  of  the  filter. 

Another  critbrlon  for  developing  an  upper 
limit  on  sweep  rate  preserves  the  statistical 
accuracy  Inherent  from  the  data  sample  length 
and  chosen  filter  bandwidth.  In  this  case,  the 
sweep  rate  would  be  such  that  the  full  duration 
of  the  data  sample  is  presented  to  the  filter  and 


This  criterion,  which  is  even  more  conserva¬ 
tive,  was  used  for  the  filter  bandwidths  avail¬ 
able  from  our  analyzer  (4  cps  minimum)  because 
it  presented  no  hardships  in  analysis  time.  In 
particular,  a  2- second  data  saiEl|}le  could  be  ana¬ 
lyzed  to  2000  cps  with  a  SS-cps  filter  bandwidth 
in  114  seconds.  This  sweep  rate  is  slow  enough 


to  have  no  appreciable  effect  on  spectral  accu¬ 
racy  for  the  B  and  T  previously  mentioned. 


Choice  of  the  Time  Constant,  r, 
in  the  Smoothing  Filter 

To  minimize  the  ripple  error  on  the  output 
of  the  smoothing  filter,  one  would  intuitively 
make  r  as  large  as  possible.  Reference  7,  for 
example,  presents  formulas  for  the  ripple  er¬ 
ror.  These  are  derived  from  several  different 
types  of  smoothing  filters  used  on  the  output  of 
various  analyzer  ban<^ass  filters.  Reference  8 
discusses  the  ripple  error  of  different  analyzer 
filters  with  outputs  smoothed  by  a  simple  RC 
low-pass  filter.  If  the  output  of  a  single-tuned 
analyzer  filter  is  squared  and  smoothed  by  a 
simple  RC  network,  the  rms  error,  e ,  is  given 
in  Refs.  7  and  8  as 

1 

V27t6t 

Our  analyzer  was  of  this  type.  Assuming 
the  ripple  to  be  normally  distributed,  the  same 
confidence  criterion  established  previously  was 
used  to  determine  r.  That  is,  90  percent  cer¬ 
tainty  that  e  is  less  than  20  percent  means  that 

1.64  e  -  0.2  and  e  -  0.122, 

where  1.64  is  the  normal  deviate  correqmnding 
to  90  percent.  Using  e  -  0.122  and  B  >  35  cps, 
gives  r  ■  0.31  second.  The  actual  components 
used  gave  r  ■  0.47  second. 


53 


Unfortunately,  another  error,  which 
tend!  to  limit  the  value  of  r  selected  is  Intro¬ 
duced  by  the  sweep  rate  of  the  analyser  In  scan¬ 
ning  spectral  peaks.  Rats  (Ref.  8)  calls  this 
error  the  bandwidth  error  In  the  smoothing  cir¬ 
cuit  and  develops  a  formula  from  which  the  fol¬ 
lowing  is  derived: 

.. . 

where 


k  - -Z- = -L  "S.  =  ^ 

■  v.  ^  ”0-’ 

where 


G  is  a  gain  constant  of  the  averager, 

A  is  the  peak  voltage  of  the  applied  sine 
wave, 

tr  is  the  rms  level  of  the  applied  waveform, 
and 


is  the  fractional  increase  in  bandwidth, 

is  the  smoothing  filter  time  constant 
(sec). 


vp  is  the  dc  voltage  out  of  the  averager. 

For  Gaussian  random  inputs  to  the  linear  de¬ 
tector 


e  is  the  analyser  sweep  rate  (cps/sec), 
and 


k  .  1  JV-.  1.252 

-  vT  zr  \T  •  -0-  • 


B.  is  the  bandwidth  of  the  narrowest  spec¬ 
tral  peak  expected  from  the  random 
signal  under  study  (cps). 

In  the  section  on  Choice  of  Filter  Sweep 
Rate  on  page  52,  the  maximum  sweep  rate  was 
taken  as  B/T  ■  35/2  •  17.5  cps/sec,  r  •  0.47 
second,  and 


and  the  pen  read  out  would  be  in  error  by  about 
13  percent  with  the  random  iiq>ut  producing  less 
pen  deflection  than,  a  sine-wave  of  the  same  rms 
level.  (A  development  of  these  relationsh^s  is 
presented  in  the  Appendix.) 

While  the  linear  detector  possesses  certain 
advantages  in  other  applications,  only  square- 
law  detection  was  used  in  our  analysis  of  vibra¬ 
tion  data,  and  sinusoidal  iiq>uts  were  used  for 
calibration  in  setting  iq>  the  read-out  scales  of 
the  analyzer. 


For  ^  >  B  as  it  should  be,  the  error  is 
less  than  7.7  percent.  This  error  can  be  made 
negligible  by  slowing  the  sweep  rate  and  in¬ 
creasing  the  data  reduction  time. 


Calibration  of  the  Analyzer 

If  the  qmctrum  analyzer  uses  a  square-law 
detector,  the  dc  voltage  which  causes  deflection 
of  the  pen  recorder  is  directly  proportional  to 
the  true  mean  sqiuire  voltage  out  of  the  analyzer- 
filter.  Thus  the  pen  deflection  does  not  depend 
on  the  probability  density  of  the  input  amplitudes, 
and  either  sine  or  random  stimuli  may  be  used 
to  calibrate  or  set  up  the  analyzer. 

Considerably  more  care  must  be  exercised 
if  the  analyzer  employs  a  linear  detector  for 
averaging.  In  this  case,  a  knowledge  of  the  prob¬ 
ability  density  function  of  the  input  amplitude  is 
required. 

Suppose,  for  example,  that  sinusoidal  cali¬ 
brations  are  used  to  set  (q>  a  q>ectrum  analyzer 
employing  linear  detection.  The  scale  factor,  k , 
which  Is  the  ratio  of  the  rms  value  of  the  liq)ut 
tothe  averagertothe  recorded  dc  signal,  is 


Separation  of  Periodic  Components 

Those  portions  of  the  spectra  which  showed 
relatively  l^h  spectral  peaks  were  analyzed 
for  the  possible  presence  of  periodic  compo¬ 
nents  by  using  the  results  of  the  wide-band  (35 
cps)  and  narrow  band  (4  cps)  spectrum  anal¬ 
yses.  This  method  is  only  approximate  since 
the  narrow  band  analysis  is  subject  to  large 
statistical  errors  of  the  type  discussed  in  con¬ 
nection  with  the  length  of  the  sample  and  the 
filter  bandwidths. 

It  was  assumed  that  the  voltage  output,  <rj , 
in  any  narrow  filter  whose  width  is  B  and  gain 
is  unity,  is  conqwsed  of  one  periodic  compo¬ 
nent  and  flat  random  noise.  Them 

2  2  2  2 
oTj  =  aj,  +  cTp  =  BjH  Op  , 

where 

o  *  is  the  total  mean  square  voltage  pass¬ 
ing  through  the  filter,  B^ , 

is  the  mean  squstre  voltage  out  of  the 
filter  resulting  from  random  excitation. 
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It  the  mean  square  voltage  ot  the 
periodic  excitation, 

M  is  the  (qwctral  density  of  the  random 
noise,  and 

i  is  a  subscript  denoting  measurement 
number  1  or  2. 

was  measured  (or  two  values  of  B. 
From  the  two  equations  in  the  unknowns  H  and 
ffp  we  find: 


and 

2  Bj^i  “  ®i®'a 

(7  s  '  'u  - 


A  simple  conversion  changes  these  quanti¬ 
ties  to  acceleration  spectral  density  and  rms 
acceleration  of  the  periodic  component 


Probability  Distribution  of 
Instantaneous  Accelerations 

A  probability  meter  was  designed  and  built 
to  measure  the  distribution  of  instantaneous  ac¬ 
celerations  in  the  wavefornib.  The  meter  meas¬ 
ures,  by  Integration,  the  length  of  time  that 
some  fixed  value  of  acceleration  is  exceeded 
during  a  fixed  time  sample  of  data.  The  proc¬ 
ess  is  repeated  as  the  value  of  acceleration 
increases  from  zero  to  the  largest  acceleration 
in  the  sample.  In  this  manner,  the  cumulative 
distribution  of  instantaneous  accelerations  is 
obtained.  The  derivative  of  this  curve  is  the 
desired  probability  density  function  of  amplitude. 


Analog  Filters 

It  is  well  known  that  the  performance  of  a 
series  L,  C,  R  circuit  and  a  mechanical  mass- 
spring-dtunper  system  is  governed  by  the  same 
differential  equations.  This  principle  was  used 
to  examine  the  behavior  of  components  internal 
to  the  package  during  a  flight  or  captive  test. 

Circuits  which  are  the  electrical  analogs 
of  mechanical  single  degree-o(-freedom  systems 
were  also  built.  Provisions  were  Included  for 
varying  the  quantities  that  are  the  electrical 
analogs  of  the  mechanical  parameters  of  un- 
danqped  natural  frequency,  f„,  and  transmis- 
sibUlty,  Q,  at  f  -  f„. 


Thus,  the  f„  and  Q  of  several  convonents 
mounted  within  a  package  would  be  known  from 
laboratory  test  data.  The  r„  and  Q  associated 
with  these  components  were  selected  in  the 
analog  system,  the  appropriate  accelerometer 
data  track  was  played  through  the  analog  sys¬ 
tem,  and  the  mean  square  voltage  proportional 
to  the  environmental  mean  square  acceleration 
response  of  the  component  was  recorded  auto¬ 
matically. 

These  same  filters  could  be  switched  from 
a  low-pass  to  a  band-pass  operation.  When 
switched  in  this  manner,  they  provided  a  check 
on  the  validity  of  the  spectrum  analysis  u  de¬ 
termined  from  the  spectrum  analyzer.  By 
using  several  fixed  filters  to  cover  the  fre¬ 
quency  range  to  2  kc,  any  errors  from  the  ana¬ 
lyzer  sweep  rate  coi^  be  eliminated. 


Error  Summary 

The  foregoing  discussion  indicates  that  the 
primary  sources  of  error  in  spectral  (density 
are  the  statistical  error  (Fig.  3)  and  the  ripple 
error  (Choice  of  the  Time  Constant,  r,  in  the 
Smoothing  Filter).  Thus,  for  our  system  and 
the  errors  described  previously,  the  probable 
error  is 

'  'iw  *  (7^  =  **•**• 

This  error  can  be  minimized  in  an  ideal 
system  by: 

e  Obtaining  a  very  large,  stationary,  data 
sample,  t; 

e  Analyzing  it  with  a  wide  filter  band¬ 
width,  B; 

e  Using  fixed,  rather  than  swept  filters 

(«  «  0); 

e  Increasing  the  time  constant  of  the 
averaging  filters,  r ;  and 

e  Making  the  fixed  filters  symmetric  and 
rectangular. 


CHARACTERISTICS  OF  MEASURED  DATA 

The  previous  two  sections  indicated  some 
of  the  factors  which  affect  the  validity  of  meas¬ 
ured  vibration  data.  Considerable  attention  was 
focused  on  these  factors  since  each  bears  on 
the  validity,  accuracy,  and  characteristics  of 
the  vibration  data  which  is  recorded,  measured. 
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•  The  magnitude  o(  the  noise  remained 
relatively  constant  with  firing  time  and  was  in¬ 
dependent  of  changes  in  the  environmental  vi¬ 
bration  levels. 

s  The  frequency  spectrum  of  the  dummy 
measurement  was  approximately  the  same  as 
the  frequency  spectrum  of  a  data  channel  before 
mainstage. 

It  is  interesting  to  note  how  such  an  analysis 
shows  "data"  at  certain  frequencies  to  be  pri¬ 
marily,  if  not  totally,  noise. 

The  data  were  composed  primarily  of  ran¬ 
dom  noise  with  periodic  or  quasi-periodic  com¬ 
ponents  superimposed  at  certain  frequencies. 
These  frequencies  were  generally  identifiable 
in  terms  of  known  forcing  functions  such  as  tur¬ 
bine  rotation,  acoustical  coincidence  (a  condition 
when  the  wave  length  of  radiated  sound  coincides 
with  the  wave  length  of  flexural  vibrations),  en¬ 
gine  gimbaling,  missile  free  bending,  and  so  on. 
Thus  a  test  which  would  demonstrate  design 
adequacy  for  such  an  application  should  logically 
include  shaped  random  excitation  and  superim¬ 
posed  sinusoidal  excitation. 

It  is  extremely  important  that  the  sinusoids 
be  removed  from  the  data  and  the  spectral  peaks 
be  correspondingly  reduced  (Fig.  5,  double 
crosshatch)  before  generating  specification  cri¬ 
teria.  The  fallacy  of  specifying  a  random  test 
on  the  basis  of  data  which  includes  sinusoidal 
components  is  shown  in  Fig.  6.  Level  S|  might 
be  specified,  when  in  reality  level  Sj  in  con¬ 
junction  with  a  swept  sine  is  a  more  realistic 
requirement.  The  circles  in  Fig.  6  at  230  and 
580  cps  show  the  reduction  in  spectral  amplitude 
caused  by  removal  of  periodic  components. 


Figure  6,  which  was  taken  from  an  actual 
missile  flight,  shows  how  short  data  samples 
incorrectly  analyzed  and  Interpreted  can  also 
affect  specification  criteria.  The  time  sample 
was  only  0.4  second  long  and  was  analyzed  with 
a  filter  of  only  6.6-cps  bandwidth.  The  rms 
statistical  error  in  spectral  density  is  approx¬ 
imately 
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±61.5* 


and  there  is  still  a  32  percent  chance  that  the 
spectrum  presented  will  differ  from  the  true 
density  by  more  than  61.5  percent.  Increasing 
the  bandwidth  to  34  cps  reduces  the  error  to 
about  ±27  percent,  but  much  of  the  spectral 
definition  is  lost.  The  problem  lies  in  the  ex¬ 
tremely  short  data  sample.  Surely,  it  is  not 
proper  to  connect  the  spectral  peaks  (curve  Sj ) 
shown  by  the  narrow-band  analysis  to  generate 
random  vibration  specification  criteria. 

Another  interesting  presentation  of  data 
obtained  from  a  captive  firing  is  shown  in  Fig. 

7.  This  three-dimensional  plot  shows  that 
there  was  very  little  redistribution  in  frequency 
of  vibration  energy  as  the  firing  progressed. 

As  one  might  expect  from  examining  the  change 
in  the  causative  mechanisms  with  flight  time, 
the  same  was  not  true  of  free  flight. 


Distribution  of  Amplitudes 

The  distribution  of  instantaneous  accelera¬ 
tions  in  the  flight  and  captive  test  waveforms 
was  generally  normal  (Gaussian)  to  levels  of 
±3  or  three  times  the  rms  accelerations  (Fig. 
8).  The  only  exceptions  arose  when  large 
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M8TANTANE0U8  ACCELERATION  IN  MULTIPLES  OF  THE 


m*  ACCELERATION 
Fig.  8  -  Amplitude  distribution 


sinusoidal  components  were  contained  in  the 
data. 

At  levels  greater  than  ±3  <r,  errors  were 
introduced  into  the  probability  meter  by  high 
amplitude  spurious  electrical  signals  which 
result  from  dropout  and  the  milice  transient  on 
erch  tape  lo(^.  That  is,  the  vibration  data  is 
greater  than  ±Z<r  for  a  much  shorter  time  than 
spurious  signals,  and  errors  are  introduced 
which  flatten  the  ends  of  the  curves  and  tend  to 
give  them  an  "s"'shape. 

One  interpretation  of  the  normality  of  the 
distribution  is  that  in  a  flight  of  lOOO-seconds 
(16.7  minutes)  duration,  less  than  3  seconds  of 


vibration  would  contain  peaks  exceeding  three 
times  the  rms  acceleration.  In  approximately 
50  seconds  of  vibration  the  peaks  exceed  twice 
the  rms  level. 

Since  the  output  of  the  random  noise  gen¬ 
erators  used  in  vibration  testing  and,  indeed,  the 
instantaneous  accelerations  of  the  shaker  table 
in  reqionse  to  such  a  stimulus  are  similarly  dis¬ 
tributed,  the  random  vibration  test  is  a  faithful 
reproduction  of  flight  conditions  in  this  regard. 

GENERATION  OF  SPECinCATION  CRITERIA 

To  be  useful,  the  criteria  generated  must 
be  related  to  the  type  and  objective  of  a  particular 
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In  Fig.  8,  it  must  be  re-emphasized  that 
the  area  under  the  frequency  spectrum  is  mean 
square  acceleration  or  vibratory  energy.  There 
is  a  tendency  to  connect  the  spectral  peaks  as 
shown  by  curve  Sj,  add  a  generous  safety  factor 
arbitrarily  or  statistically  to  account  for  the 
limited  data,  and  then  specify  a  vibration  test 
requirement  correspon^ng  to  curve  S3.  While 
an  equipment  designed  to  withstand  the  exposure 
S3  would  surely  survive  the  measured  flight 
environment,  let  us  compare  test  levels  with 
data  levels.  The  area  under  curve  S3  is  about 
42  g^  rms  from  0  to  1500  cps  or  about  6.5  g 
rms,  while  the  area  under  the  measured  spec¬ 
trum  is  only  6  g2  rms  or  2.4  g  rms  over  the 
same  frequency  range.  Furthermore,  the 
measured  data  were  obtained  from  a  flight  time 
interval  exhibiting  the  largest  vibration  during 
flight,  and  these  levels  persisted  for  only  a  very 
few  seconds  out  of  the  total  flight  time. 

It  should  also  be  remembered  that  curve  Sj 
was  obtained  by  connecting  the  peaks  from  a 
narrow  band  analysis  with  its  basic  inaccu¬ 
racies  and  that  periodic  components  were  hot 
removed  from  the  data.  Suppose  the  peak  at 
570  cps  were  caused  by  a  periodic  component 
(as  it  was  in  fact).  The  rms  level  of  the  peri¬ 
odic  component  is  only  0.27  g  rms.  Thus,  the 
broadband  excitation  of  level  S3  combined  with 
a  swept  sine  wave  of  0.27  g  rms  would  produce 
spectral  peaks  higher  than  any  measured  in  the 
data  whenever  the  sweeping  sine-wave  is  within 
the  passband  of  the  analyzer.  It  is  now  obvious 
that  random  excitation  at  the  level  S3  defines 
an  entirely  unrealistic  vibration  spectrum  for 
either  design  or  test  purposes.  It  would  seem 
more  logical  to  apply  the  safety  factors  to  the 
overall  rms  acceleration  and  account  for  the 
q>ectral  peaks  and  expected  frequency  shifts  of 
the  spectral  peaks  witt  swept  sine  waves  or 
swept  narrow-band  random  excitation. 

An  often  neglected  test  parameter  is  the 
duration  of  the  tf  st.  A  common  approach  to  the 
generation  of  a  test  specification  would  call  for 
the  application  of  the  Fig.  6  level  for  the  full 
flight  duration.  For  tests  of  any  length,  where 
fatigue  failure  is  a  factor,  even  small  variations 
in  vibration  magnitude  can  have  a  serious  effect 
on  fatigue  life.  The  S-N  diagram  (stress  ver¬ 
sus  cycles  to  failure)  for  any  material  shows 


that  a  small  change  in  stress  level  will  drasti¬ 
cally  change  fati^  life.  Fatigue  in  vibration 
has  been  covered  in  many  works.  In  one  of 
these  (Ref.  9),  it  is  shown  that  a  40-percent  in¬ 
crease  in  acceleration  level  will  reduce  fatigue 
life  by  a  factor  of  10.  The  difference  in  fatigue 
life  between  the  6.5  g  rms  and  2.4  g  rms  levels 
noted  in  Fig.  6  can  be  estimated  (Ref.  9)  to  be 
a  factor  of  660. 


Summary 

In  summary,  certain  factors  must  be  eval¬ 
uated  properly  before  realistic  design  and  test 
specification  criteria  are  generated  from  data 
measurements.  Among  these  are: 

m  Validity  and  accuracy  of  basic  data. 

•  Duration  of  the  various  vibration  spectra 
of  a  flight. 

s  Establishment  of  the  fundamental  objec¬ 
tive  of  the  test  (for  test  specifications). 

•  Establishment  of  the  degree  of  reliability 
desired  in  a  design  (for  design  specifications). 

•  Formulation  of  realistic  safety  factors 
for  design  and  test. 

s  Penalties  involved  in  the  event  of  in¬ 
flight  malfunction. 

s  Discrimination  of  the  periodic  and  ran¬ 
dom  components  of  the  flight  q;>ectrum. 

s  Influence  of  equipment  mounting  imped¬ 
ances  and  reflected  impedances  from  equipment 
package  resonances  (dynamic  absorption  effect). 

Consideration  of  these  and  related  factors 
will  aid  the  generation  of  realistic  specification 
criteria.  Design  and  test  efforts  can  then  pro¬ 
ceed  to  the  development  of  a  reliable  product, 
able  to  survive  its  service  vibration  environ¬ 
ment  with  a  pre-determined  probability  of  mis¬ 
sion  success.  Moreover,  the  weight  and  per¬ 
formance  penalties  associated  with  over-design 
or  the  service  life  uncertainty  resulting  from 
over-testing  can  be  avoided. 
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Am)endix 

CALIBRATION  OF  AN  ANALYZER  HAVING  A  LINEAR  DETECTOR 


If  the  analyzer/filter  output  were  recorded 
on  an  oscillograph,  the  mean  square  output,  , 
could  be  obtained  by  squaring  the  instantaneous 
voltage  output,  v(t),  and  averaging  it  over  time: 

T 

O'*  =  lim  i  f  v*(t)  dt  .  (1) 

T-.®*  •!, 

If  the  analyzer/filter  output  were  recorded 
on  a  dc  recorder,  the  pen  deflection  would  be 
proportional  to  the  average  (dc)  voltage  of  the 
waveform,  v(t),  and  not  necessarily  propor¬ 
tional  to  that  is, 

[V(t)],vg  =  v(t)  = 

♦  6D 

=  J  V  f(v)  dv  ,  (2) 


Using  the  linear  position 

=  Gvj  =  g|v|  (4) 

where  the  vertical  lines  denote  absolute  value 
and  the  bars  denote  average,  but 


|v|  =1  |v|  f  (|v|j  d|v|  (5) 

from  Eq.  (2). 

If  we  now  presume  v(t)  to  be  Gaussian,  we 
can  write 


f(v)  = 


vTtT  a 


for 


-®  =  V  s  +®  , 


(6) 


and  f(v)  is  the  expression  for  the  distribution 
of  amplitudes  in  v(t).  The  Integral  definition 
is  an  ensemble  average  of  v. 


The  average  value  of  all  symmetric  wave¬ 
forms  is  zero.  Therefore,  rectification  or 
squaring  and  averaging  is  required  if  the  output 
is  to  be  read  on  a  dc  meter  or  recorder. 

Thus,  the  problem  is  to  find  the  relation 
between  the  rms  and  the  average  or  dc  value  of 
the  waveform  v(t)  using  square  or  linear 
detection. 


The  full-wave  rectifier  modifies  v  by  tak¬ 
ing  the  absolute  value  of  it  and 

^0''')  ^  forO<v<  4® 

f  |v|  =  0  for  V  <  0 


Symbolically,  if  v  =  =  k  cr,  k  may  be 

different  for  different  forms  of  v(t).  By  using 
the  square  position  and  referring  to  Fig.  9, 

V,  =  Ovj  =  Gv*  =  Ocr* .  (3) 

In  this  case,  the  dc  voltage  presented  to  the 
recorder  is  directly  proportional  to  the  mean 
square  voltage  of  the  analyzer /filter  output. 


is  the  rectifier  output  amplitude  distribution. 
The  factor  of  2  appearing  in  the  numerator  re¬ 
sults  from  making  all  negative  values  of  f(v) 
positive  values  in  f(  ivi)  and  satisfies  the  con¬ 
dition  that  the  integral  of  a  probability  density 
function  over  all  possible  values  must  be  unity. 

Now  substituting  Eq.  (7)  in  Eq.  (5)  and  per¬ 
forming  the  Integration 
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Fig.  9  -  Spectrum  analyzer  schematic 
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(8) 


Using  Eq.  (8)  in  Eq.  (4) 


V,  =  G' 


(9) 

With  G  >  unity,  the  result  can  be  written 


a  n  2 

or*  =  -j-V, 


(10) 


which  is  the  relationship  between  the  rms  and 
the  rectified  dc  output  of  a  random  Gaussian 
waveform  averaged  with  a  linear  detector. 


A  similar  analysis  for  sinusoidal  v(t) 
gives 


=  C^. 


(11) 


Thus,  an  analyzer  with  a  linear  detector 
calibrated  with  sinusoidal  inputs  will  read  out 
Gaussian  noise  inputs  incorrectly.  For  equal 
rms  Gaussian  and  sinusoidal  stimuli,  the  sinus¬ 
oidal  excitation  will  produce  pen  deflections 
which  are  13  percent  larger  than  those  caused 
by  the  random  noise.  That  is, 

''o.s.  =  •^'^o.a.  =  113  Vo.,.  . 


* 


♦  * 
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PREPARATION  AND  ANALYSIS  OF  MUNSON  ROAD-TEST  TAPES 
FOR  LABORATORY  VIBRATION  TESTS 


R.  D.  Baily  and  J.  W.  Apgar 
Development  and  Proof  Service! 
Aberdeen  Proving  Ground,  Maryland 


A  program  is  described  to  correlate  the  vibration  requirements  for 
vehicular  mounted  equipment  in  MIL>-£-4970  with  the  vibration  experi¬ 
enced  on  the  Munson  test  courses.  Where  the  specification  levels  are 
shown  to  be  unrealistic,  the  data  from  the  Munson  courses  are  used  to 
establish  realistic  vibration  tests. 


INTRODUCTION 

Peraonnel  conducting  vibration  tests  are 
frequently  confronted  with  a  variety  of  test 
specifications,  the  basis  for  which  is  often  not 
made  clear.  The  authors  became  involved  in 
the  analysis  of  the  vibration  portion  of  one 
specification,  MIL-E-4970A  (USAF)  and,  as  a 
consequence,  tried  to  study  its  origin  and  de> 
termine  the  basis  for  its  parameters. 

Manufacturers  of  air  conditioners  for  the 
Corps  of  Engineers  had  been  complaining  that 
their  products  stood  up  under  Army  field  con¬ 
ditions,  but  failed  to  pass  the  laboratory  tests. 

In  May  1960,  the  Engineer  Research  and  Devel¬ 
opment  Laboratories  (ERDL)  of  the  Coips  of 
Engineers  requested  Aberdeen  Proving  Ground 
to  determine  what  correlation  there  was  be¬ 
tween  the  tests  of  MIL-E-4970A  (USAF)  and 
field  vibration  tests.  If  the  MIL-tests  proved 
to  be  unrealistic,  Aberdeen  was  to  establish 
criteria  for  laboratory  tests  providing  better 
simulation.  The  job  was  to  determine  the  re¬ 
lationship  of  the  laboratory  tests  to  a  repre¬ 
sentative  sanqile  of  severe  field  conditions, 
specifically  the  Aberdecm  Munson  Test  Courses 
(Fig.  1).  For  shock  and  vibration  studies,  the 
following  five  courses  are  used  most  frequently: 

e  The  Belgian  Block,  Fig.  2(a)  (3996  feet) 

•  The  Radial  Washboard,  Fig.  2(b)  (132 
feet) 

e  The  S|>aced  Bunq>,  Fig.  3  (831  feet) 


e  The  6-inch  Washboard,  Fig.  4(a)  (800 
feet) 

e  The  2-inch  Washboard,  Fig.  4(b)  (821 
feet) 

During  the  past  20  years,  these  courses 
have  been  used  by  other  agencies  as  a  basis  for 
developing  laboratory  gpecificatlons  for  simu¬ 
lated  vehicle  vibration  tests.  The  original 
Vecifications  contained  in  MIL-E-4070  were 
supposedly  derived  from  tests  conducted  on 
these  courses  in  1948.  The  Fort  Monmouth 
groip  of  the  Signal  Corps  also  obtained  data 
from  these  courses,  which  they  used  to  gener¬ 
ate  their  laboratory  qwcification.  These  q>ec- 
ifications  were  probably  too  severe.  In  those 
days,  instrumentation,  data  gathering  tech¬ 
niques,  and  data  analysis  were  relatively  unso¬ 
phisticated.  The  job  now  was  to  take  a  "second 
look"  but  with  the  help  of  most  of  the  latest 
aids. 

Of  immediate  concern  was  a  family  of  air 
conditioners  furnished  by  the  Corps  of  Engi¬ 
neers.  They  were  to  be  used  as  representative 
samples  of  what  the  Army  might  be  expected  to 
evaluate  prior  to  Mceptaroe.  These  air  ccmdi- 
tioners  consisted  of  one  6000-,  one  18,000-, one 
38,000-,  and  one  60,000-Btu/hr  unit.  The  6000- 
Btu/br  unit  was  mounted  in  a  Pershing  Commu¬ 
nication  Pack  (Fig.  5),  the  18,000-  and  38,000- 
Btu  units  in  an  M36  (2.5-ton,  6x6  truck),  and 
the  60,000-Btu  unit  on  a  2-wheeled  XM419 
cargo  trailer  towed  by  the  truck  (Fig.  6).  The 
vehicles  used  were  considered  representative 
of  grovBid  transport. 
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(a)  •  Belgian  Block  Course  ~  This  course  is  a  cobblestone  road  which  pro¬ 
vides  an  irregular  and  bumpy  surface.  The  individual  cobblestones  average 
approximately  five  inches  in  width.  The  course  irregularities,  which  not 
only  vary  along  the  length(3936  feet)  of  the  course  but  also  across  its  width, 
have  crests  of  about  three  inches.  The  crests  are  such  that  a  vehicle  trav¬ 
eling  over  them  is  subjected  to  both  pitching  and  rolling  motions. 


(b)  -  Radial  Washboard  Course  ~  Two  90  degrees  radial  turns  make  up  the 
Radial  Washboard  Course  along  with  symmetrical  bumps  which  vary  from 
two  to  four  inches  in  height  and  from  one  to  six  feet  from  crest  to  crest. 
The  course  is  132  feet  long  and  20  feet  wide. 

Fig.  2  -  Belgian  Block  and  Radial  Washboard  Courses 
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Fig.  3  -  Spaced-Bump  Course  —  This  course  consists  of  a  series  of  rounded 
bumps  three  inches  high  by  three  feet  wide  spaced  at  intervals  of  30  feet 
along  the  centerline  of  the  course.  The  bumps  make  the  following  angles 
with  respect  to  the  centerline  of  the  course:  90*.  90*,  67*.  52*,  90*.  113*, 
128*,  90*,  90*,  this  sequence  continues  for  a  total  of  twenty-six  bumps  or 
three  cycles  for  a  total  of  831  feet. 


(a)  •  Six-Inch  Washboard  Course  —  The  profile  approaches  a  sine 
wave  with  a  double  amplitude  of  sixinches  and  a  complete  cycle  occur¬ 
ring  every  six  feet  for  a  distance  of  800  feet.  The  course  surface 
is  concrete. 


(b)  -  Two-Inch  Washboard  Course  —  The  profile 
approaches  a  sine  wave  with  a  double  amplitude 
of  two  inches  and  a  complete  cycle  occurring 
every  two  feet  to  a  distance  of  approximately 
821  feet.  The  course  surface  is  concrete. 

Fig.  4  -  Six-Inch  and  Two-Inch  Washboard  Courses 
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Fig.  5  -  Pershing  Communication  Pack  containing  the 
6000-Btu/hr  air  conditioner;  unit  is  mounted  on  an 
XM474E2  vehicle 


INSTRUMENTATION  AND  TESTS 

These  vehicle-air  conditioner  combinations 
were  to  be  used  to  obtain  representative  data 
with  which  specification  MIL-E-4970A  could  be 
evaluated.  The  object  was  to  place  accelerom¬ 
eters  on  these  vehicles  in  such  a  way  that  they 
would  indicate  representative  liqiuts  to  the  air 
conditioners.  The  reqionse  of  the  air  condition¬ 
ers  was  not  of  concern,  since  they  were  only 
samples  from  any  possible  sipplier.  The  ac¬ 
celerometers  (Statham  Model  ASA,  ±2SG)  were 
placed  in  the  locations  shown  on  Figs.  7  through 
13.  These  locations  were  selected  solely  on  the 
basis  of  their  input  contributions  to  the  air  con¬ 
ditioners.  No  o^r  attempt  was  made  to  obtain 
data  on  general  vehicle  motim. 

A  typical  qiecification  for  field  vibration 
tests  requires  that  a  vehicle  be  driven  at  its 


critical  i^eed  over  each  of  the  listed  courses 
five  times.  This  critical  speed  is  determined 
by  one  of  the  following:  the  q>eed  at  which  the 
test  item  is  at  maximum  response;  ttm  most 
severe  environment  the  vehicle  driver  can  tol¬ 
erate;  the  qpeed  just  below  that  at  which  failtire 
of  the  vehicle  suspension  or  the  test  item  is 
imminont;  or  the  maximtun  road  qpeed  with  re¬ 
spect  to  vehicle  stability.  The  procedure  for 
traversing  the  courses  is  not  the  same  for 
every  test.  It  may  be  varied  to  meet  specific 
requirements.  Instead  of  running  five  laps  with 
each  lap  including  all  five  courses,  each  course 
may  be  traversed  five  times  before  going  on  to 
the  next.  A  transported  item  generally  is  in¬ 
spected  visually  for  damage  after  each  course 
and,  if  desired,  given  an  operational  check.  On 
two  of  the  five  runs,  the  acceleration  inputs  and 
responses  are  measured  and  recorded.  Prior 


rig.  6  -  Truck  M36  and  Trailer  XM419  with  the 
18,000-Btu/hr  air  conditioner  inaide  the  shelter, 
the  38,000-Btu/hr  unit  mounted  externally,  and 
the  60,000-Btu/hr  unit 
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Fig.  7  -  Location  A:  Accelerometers  positioned 
on  upper  crossmember  of  38,000>Btu/hr  air  con> 
ditioner  mounting  bracket 
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Fig.  8  -  Location  B:  Accelerometers  positioned  on 
the  38,000>Btu/hr  air  conditioner  mounting  bracket 
^  at  left -front  of  unit  (extreme  rear  of  truck) 

i 

I 

I, 
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Fig.  9  •  Location  C:  Accelerometers  positioned  on 
38,000-Btu/hr  air  conditioner  mounting  bracket  at 
right-rear  of  unit  (adjacent  to  shelter  wall) 


Fig.  10  -  Ijocations  E  and  F;  Accelerometers 
positioned  on  shelter  floor  ~  foreground  loca¬ 
tion  at  center  of  floor,  background  location  at 
front  of  shelter  adjacent  to  18,000-Btu/hr  air 
conditioner 


to  begtimiiig  the  first  instrumented  run,  each 
course  is  traversed  twice  to  determine  critical 
^eds  and  recording  instrument  adjustment. 
On  the  course  the  steps  include  accelerating 
to  the  critical  speed,  recording  data  for  an 
interval  at  the  critical  speed,  and  decelerating 
to  leave  the  course.  In  addition  there  is 
travel  over  the  paved  and  gravel  roads  connect¬ 
ing  the  courses.  The  three  runs  not  recorded 
are  conducted  in  the  same  manner  except  that 
the  instruments  are  disconnected  and  the  stops 
and  starts  for  instrument  adjustment  are 
eliminated. 


TAPE  RECORD 


Obviously  if  data  were  recorded  for  the 
entire  operation  on  the  munson  test  area,  a 
considerable  amount  of  useless  data  would  be 
accumulated.  Interconnecting  routes  and 
sobcritical  speeds  would  contribute  inputs  pro¬ 
ducing  stress  levels  well  below  those  neces¬ 
sary  to  induce  accumulative  damage.  An  at¬ 
tempt  was  nuule  to  produce  a  tape  record  which 
would  represent  a  vehicle  traveling  at  its  criti¬ 
cal  speed  over  the  full  length  of  each  course 
without  the  intermediate  stops,  starts,  and 
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Fig.  11  -  Location  G:  Accelerometers  positioned  on 
lelt-rear  frame  of  trailer  containing  the  60,000-Btu/ 
hr  air  conditioner 


\ 


Fig.  12  •  Location  H:  Accelerometers  positioned  on 
right-front  frame  of  trailer  containing  the  60,000- 
Btu/hr  air  conditioner 
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Fig.  13  -  Pershing  Communications  Shelter  housing 
6000'Btu/hr  air  conditioners  with  accelerometers 
positioned  on  (1)  shelter  base  adjacent  to  air  condi¬ 
tioners,  and  (2)  bottom  of  outboard  air  conditioner 
above  shock  isolators 


S 


■t% 
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speed  changes.*  Such  a  record  could  be  con¬ 
sidered  a  maximum  condition  for  the  complete 
traverse  for  a  given  vehicle. 

This  was  a  rather  complex  task  since: 

•  Data  samples  were  taken  during  only  a 
small  portion  of  the  critical  speed  time  on  the 
longer  courses. 

•  A  preliminary  study  had  to  be  made  of 
the  records  to  determine  which  accelerometers 
produced  maximum  g  levels,  and  where  in  the 
frequency  qiectrum  they  occurred.  Signals 
from  these  had  to  be  assembled  on  a  tape  in 
such  a  way  that  each  tape  contained  a  record  of 
the  highest  g  levels  reached  at  any  frequency  in 
the  recorded  spectrum. 


*Baily,  R.  O.,  "First  Report  on  Determination 
of  9iock  and  Vibration  Environment  of  Air 
Conditioners  Mounted  on  Trucks,  Trailers,  or 
Shelters  on  Vehicles,  Phase  I.  Development 
of  Tape  Loops  Representative  of  the  Standard 
Munson  Road  Shock  and  Vibration  Test," 
Physical  Test  Laboratory,  Development  and 
Proof  Services,  Aberdeen  Proving  Ground, 
Maryland,  Report  No.  DPS-450  (January  1962). 


•  Each  course  sample  had  to  be  replayed 
on  a  continuous  basis  until  its  re-recorded 
length  represented  the  full  course  length. 

•  The  re-recorded  data  had  to  be  arranged 
to  represent  the  hypothetical  situation  of  one 
course  following  another. 

•  This  tape  arrangement  in  turn  had  to  be 
reduced  from  the  original  by  a  factor  of  16  to  be 
accQitable  for  data  processing. 

How  these  tapes  were  produced  did  not  nec¬ 
essarily  follow  sequentially  the  steps  just  indi¬ 
cated,  for  it  was  possible  to  perform  some  of 
these  operations  simultaneously.  The  final 
tapes  for  each  vehicle  were  composite  records 
of  the  maximum  inputs  to  the  test  items  for  the 
vehicle  traveling  at  critical  speeds  over  the 
Munson  test  area  without  the  intermediate  stops 
and  slow  downs  between  courses.  Thus,  what 
is  contained  on  these  tapes  ml^  be  considered 
end  conditions  for  the  Munson  test  area.  The 
makeiq)  of  these  tiq>es  is  indicated  schemati¬ 
cally  on  Figs.  14,  15,  and  16.  A  vehicle  travel¬ 
ing  under  these  conditions  would  move  at  an 
average  q>eed  of  12.5  mph  and  would  travel 
over  all  of  these  courses  in  about  6  minutes; 
the  five  runs  would  require  30  minutes. 
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Okta  froa  iMatlon  A 
DkU  trcm  loeMton  a 
Data  froa  loeatloa  c 
Data  froa  laeatisa  I 
IVita  frca  loeattao  F 


UWar  treat -aMbtr  -  39,OOC  ItuAr. 
urt  mat  braekat  •  38,OuO  tii/tr, 

Rtabt  rear  braeket  -  36,000  Btu/hr, 

ShalUr  floor  •  froot  -  16,000  Btu/hr. 

Shaltar  floor  •  eantir  -  16,000  Btu/hr. 

Radial  Uathboard 


1.5  ft- 


Fig.  14  -  Tape  Loop  No.  1:  Accelerometer  data  from 
truck-mounted  air  conditioners  --  Munson  Course 


DISCUSSION 

Time-wise,  this  Is  a  much  smaller  Interval 
than  that  of  the  lalxiratory  tests.  St>eclllcatlon 
MIL-E-4970A,  Procedure  V  requires  12  hours 
of  testing,  4  along  each  axis.  The  question 
arises.  On  what  basis  can  a  comparison  be 
made?  For  the  answer,  the  general  acceptance 
criteria  for  army  vehicles  were  studied.  Based 
on  Field  Force  requirements,  the  Army  Ord¬ 
nance  Department  epecifies  that  wheeled  vehi¬ 
cles  should  be  csqnble  of  20,000  miles  of 


operation  without  major  breakdown  with  40  per¬ 
cent  of  this  mileage  as  cross-countiry.  Track¬ 
laying  vehicles  should  be  capable  of  6000  miles 
of  operation  and  towed  vehicles,  4000  miles.  If 
only  cross-country  operation  Is  considered  as 
contributory  to  damage  accumulation,  there  is 
some  criteria  for  compaiisim.  Accordingly, 
8000-mile  cross-country  was  selected  as  the 
field  condition  lor  correlation.  Again,  the  ques¬ 
tion  arises.  What  is  cross-coimtry?  Obviously, 
this  is  hard  to  answer.  However,  it  is  hard  to 
imagine  more  sustained  punishment  than  that 


Data  froa  location  a  -  Loft  roar  trailer  fraae  -  6o,000  Btu/br. 
Data  froB  location  H  •  Rl|Rit  front  trailer  fraae  -  60,000  Btu/hr. 
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Fig.  15  -  Tape  Loop  No.  2:  Accelerometer  data  from 
trailer-mounted  air  conditioner  ~  Munson  Course 
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Dbta  i'rcm  LaeaUon  gn  B*u  of  Ftnhing  Slwltar 
AdJUMt  to  Air  CODditioMn. 

S  to  froa  LOMtien  on  Bottoa  of  Outboard  Air  Coadl..iarcr 
(t.OOO  Btu/hr)  abe**  Shook  loolators. 
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Fig.  16  -  Tape  Loop  No.  3;  Accelerometer  data  from 
air  conditioner  mounted  in  the  Pershing  Communica¬ 
tions  Pack  —  Perryman  Course 


exp«rlence<l  bjr  a  vehicle  traveling  8000  miles 
under  the  conations  represented  by  the  com¬ 
posite  ti4>e  of  the  Munson  test  area  traverse. 
Such  a  vehicle  averaging  12.5  mph  would  travel 
continuously  for  640  hours.  The  APG  film  No. 
ORF-91  on  travel  over  the  Munson  Test  Course 
is  available  for  circulation.  Quite  obviously 
640  hours  is  also  out  of  the  question  for  most 
laboratory  testing  if  random  type  vibration 
equipment  were  available  capable  of  accepting 
this  tape. 

If  only  the  events  creating  damage  are  con¬ 
sidered,  however,  most  of  this  time  is  siq>er- 
fluous.  One  should  consider  how  damage  is 
created.  Generally,  it  occurs  as  the  result  of 
outright  breakage,  or  breakage  through  fatigue. 
Some  may  result  from  dislocations.  At  any 
rate  high  stress  levels  are  generally  associated 
with  damage.  Thus,  an  analysis  of  the  compos¬ 
ite  tape  should  indicate  the  number  of  occur¬ 
rences  of  possible  high  stress  levels;  this 
number  may  then  be  projected  for  8000  miles 
of  operatlcm.  Such  an  analysis  involves  gener¬ 
ating  a  spectral  density  curve  for  the  Munson 
test  area  to  obtain  the  g  level  distribution  over 
the  frequency  spectrum.  From  this  curve,  the 
locaticm  of  p^  vadues  in  the  frequency  spec¬ 
trum  are  found.  For  most  distributions,  we  can 
assume,  with  some  justification,  that  much  of 
the  damage  occurs  at  and  above  the  three  sigma 
g  levels.  Stadisticad  studies  have  been  maade  of 
vibration  data  obtained  from  these  courses  by 
another  groiqi  at  APG.  They  have  determined 
that  the  distribution  is  not  truly  Gaussian  and 
to  establish  the  number  of  peaks  at  and  above 
the  three  sigma  g  level,  some  other  distribution 


curve  should  be  used.  This  group  has  deter¬ 
mined  a  number  of  curves  that  can  be  !q>plied.'*‘ 

Such  an  aiudysls  of  a  composite  tape  is  a 
laaborlous  task,  for  the  records  r^resent  a 
conglomerate  of  shocks  and  vibrations.  Shock 
might  be  produced  by  a  chf  sis  bottoming  oc¬ 
casionally  on  its  axles.  Shock  data  should  be 
differentiated  from  vibration  data  before  meas¬ 
urements  of  peak  values  are  made.  Even  meas¬ 
urement  of  peak  values  can  be  misleading. 

Since  each  signal  may  r^resent  the  combined 
effect  of  a  number  of  frequencies,  the  signal 
may  be  unduly  large  because  of  the  additive 
effect  of  each  frequency.  Figure  17  curve  (1) 
shows  an  instance  where  the  peak  g  recorded 
was  1.9;  curves  (2)  and  (3)  show  what  the  g 
values  of  the  contributing  frequencies  were  at 
that  instant.  The  maximum  value  of  any  fre¬ 
quency  in  this  sample  does  not  exceed  1.1  g. 

Due  to  the  amount  of  ytork  involved  in  this  over¬ 
all  analysis,  it  is  not  possible  to  make  any  more 
than  a  cursory  comment  on  the  data.  That  is 
that  the  2.5-g  iiqnit,  qmcified  for  both  the  cy¬ 
cling  and  resonance  portions  of  MIL-E-4970A, 
seems  higher  than  any  three  sigma  for  any  fre¬ 
quency  investigated. 

It  is  suspected  that,  in  the  past,  overall 
peak  values  have  been  used  to  establish  inputs 


*Hagan,  J.,  Johnoon,  R.  W.,  and  Tolen,  J.  A. 
"Report  on  a  Study  EstablUhing  Methodology 
Describing  the  Automotive  Vehicular  Vibration 
Amplitude  Environment,"  Automotive  Engi¬ 
neering  Laboratories,  Development  and  Proof 
Services,  Aberdeen  Proving  Ground,  Md.,  Re¬ 
port  No.  DPS-657  (August  1962). 
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I  for  laboratory  tests.  This  may  lead  to  over 
i  testing  an  item,  since  accord!^  to  most  vibra- 
I  tion  theory  known  here,  the  chid  response  of  a 
I  q>ring  mass  system  is  at  the  frequency  of  res- 
I  onance.  Thus,  if  an  item  has  a  natural  frequency 
I  of  50  cps  and  is  subjected,  on  occasion,  to  a  5-g 
i  iqput,  where  this  in^t  is  the  result  of  the  addi* 
tive  ^ect  of  more  than  one  frequency,  it  is  un¬ 
reasonable  to  assume  that  the  response  of  the 
item  will  be  the  same  as  if  the  5-g  input  had 
been  at^lied  at  50  cps.  It  is  intended  that  tests 
be  conducted  to  observe  the  response  of  spring 
mass  systems  to  iiqnits  from  the  combined  fre¬ 
quencies  found  on  our  tapes. 

As  previously  mentioned,  from  the  stand¬ 
point  of  stress  levels,  g  iiqnits  of  low  magnitudes 
have  practically  no  damage  potential.  Thus,  if 
only  those  of  greatest  damage  potential  are  c(m- 
sidered,  only  the  levels  of  occurrence  of  the 
peak  values  should  be  used  to  determine  the  in¬ 
put  magnitudes  for  the  laboratory  tests.  Ac¬ 
cordingly,  the  course  that  represented  the  worst 
Munson  area  ccmditions  was  determined.  This 
happened  to  be  the  Spaced  Bump  Course.  This 
course  by  composite  tape  time  is  traversed  in 
0.5  minute  or  about  8.3  percent  of  the  total  time. 
Considering  only  peak  values  near  and  above 
the  2.5-g  level  for  any  discrete  frequency,  a 
summation  over  all  the  bandwidth  frequencies 
Indicated  a  period  of  occurrence  less  than  0.025 
percent  of  the  total  course  time.  This  percent 
of  the  640  hours  required  to  travel  the  8000 
miles  is  sqiproximately  10  minutes.  A  possible 
conclusion  is  that  less  than  10  minutes  of  the 
;  resonance  portion  in  each  direction  should  be 
i  conducted  with  the  2.5-g  input.  The  rest  of  the 


Fig.  17  -  Data  curve  showing  additive  effect  of 
composite  frequencies:  (1)  unfiltered  data  1.9g; 
(2)  filter  passband  5-50  cps,  amplitude  is  1.6  g; 
and  (3)  passband  at  5-20  cps,  amplitude  dropped 
to  1.1  g 


f 
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3-hr  period  mi(^  be  more  ^qjiropriately  i 

conducted  with  a  reduced  g  ini^t.  Lidioratory  I 

tests  will  be  run  in  the  near  future  to  examine  I 

these  observations.  I 


SUMMARY 

The  composite  tape  loops  of  the  standard 
Munson  Road  Shock  and  Vibration  Test  might 
be  considered  representative  of  maximum  con¬ 
ditions  for  these  courses. 

The  loops  can  be  used  for  statistical 
studies  and  for  programming  complex  wave 
vibration  equipment  for  laboratory  testing. 

An  analysis  of  these  tapes,  using  some  of 
the  latest  techniques  and  instnunentation,  indi¬ 
cates  that  the  2.5-g  input  specified  in  MIL-E- 
4970A  seems  higher  than  aiy  three  signoa  g 
level  for  any  frequency  investigated. 

It  is  suspected  that,  in  the  past,  overall 
peak  values  have  been  used  to  establish  input 
levels  for  laboratory  tests;  such  procedures 
would  represent  over  testing  since  most  tests 
are  run  at  discrete  frequencies  and  these  over¬ 
all  values  might  be  caused  by  the  additive  effect 
of  many  frequencies. 

By  using  8000-mile  cross-country  as  a  ba¬ 
sis  for  comparison  of  laboratory  testing  to  field 
testing,  a  possible  conclusion  is  that  less  than 
10  minutes  of  the  resonance  portion  in  each  di¬ 
rection  should  be  conducted  at  the  maximum 
iiq}ut.  The  rest  of  the  period  might  be  conducted 
at  a  reduced  g  level. 
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DISCUS8IC»f 


Dr.  Mains  (GE);  I  would  like  to  know  why 
you  feel  It  necesMury  to  separate  one  kind  of 
transient  and  label  it  shock,  from  all  the  other 
transients  that  you  label  vibration? 

kto.  Bally:  We  were  asked  to  study  only 
the  vibraticm  phase  of  this,  maybe  later  we  can 
get  to  the  shock  part  of  it. 

Dr.  Mains;  How  can  you  tell  the  difference  ? 

Mr.  Bally.  At  Aberdeen  we  have  a  defini¬ 
tion  tor  shock  that  we  use  in  connection  with 
vehicle  motion. 

Dr.  Mains:  I  think  you  make  a  grave  error 
when  you  do  this.  You  see,  if  I  may  try  to  infer 
some  motives,  I  would  guess  that  the  reason  for 
trying  to  separate  shock  from  vibration  was 
that  if  you  didn't,  then  your  distributions  would 
be  still  worse  or  still  farther  away  from  Gauss¬ 
ian  than  otherwise;  I  couldn't  care  less.  I 
haven't  yet  seen  a  piece  of  field  data  that  really 
fitted  Gaussian  anyhow,  so  why  try  to  make  It 
that  way? 

Mr.  Bally;  Well,  we  are  not  trying  to  make 
it  Gaussian  at  all,  but  we  have  produced  these 
curves  by  separating  shock  from  the  vibration, 
and  when  you  introduce  shock,  as  you  say,  they 
go  all  over  the  place. 

Dr.  Mains:  OK 

J.  Fowler  (STL):  I  wonder  if  anyone  has 
proved  that  the  Munmn  test  course  is  indeed 
field  service  or  why  didn't  you  take  one  of  your 
trucks  and  put  it  in  field  service?  I'm  partic¬ 
ularly  interested  in  primary  and  secondary 
roads  in  regards  to  this,  but  I  am  juirt  curious. 

I  sometimes  think  your  course  is  as  false  as 
some  of  our  tests. 


Mr.  Bally:  Do  you  mean  the  five  courses 
that  we  chose  ?  You  mean  who  decided  that  they 
were  standard  tests?  There  is  a  gentlemoi  in 
the  audience  vdio  knows  a  lot  more  about  the 
Munson  courses  than  I  do  and  that  is  Mr.  Rich¬ 
ard  Johnson  of  the  Automotive  Laboratories.  H 
you  have  any  questions,  ask  him,  Fm  sure  he 
would  answer  them. 

Ito.  R.  Jolmw>n  (ATO):  To  answer  your 
question,  t  think  Mr.  Bally  put  it  right  in  your 
liq>.  We  still  don't  know  what  a  rough  road  is  — 
so  take  your  choice.  The  Munaon  teM  courses 
are  in  no  way  intended  to  duplicate  a  given  vir¬ 
gin  territory.  We  Just  use  ttiem  to  excite  all  the 


resonant  frequencies  of  the  vehicle,  and  nothing 
else.  U  your  requirements  are  over  secondary 
roads,  you  run  your  tests  there.  I  Just  want  to 
enq>hasize  that  our  Proving  Ground  courses  in 
no  way  duplicate  field  conditions. 

Mr.  Cohen  (SylvMiia):  Did  you  notice  any 
discrete  differences  in  your  recordings  between 
the  tracked  vehicles  and  the  wheeled  vehicles 
driven  over  the  same  course  ? 

Mr.  Bally:  Quite  a  bit.  The  most  severe 
environment  for  track  laying  vehicles  is  smooth 
roads.  You  get  a  more  sustained,  higgler  g 
level.  For  the  wheeled  vehicles  the  most  se¬ 
vere  environment  is  the  five  courses  that  we 
used  here. 

Mr.  Cohen:  In  other  words  you  are  saying 
that  the  tracked  vehicles,  over  this  course,  had 
relatively  smoother  rides  than  the  wheeled  ve¬ 
hicles  over  the  same  Washboard  or  Belgian 
Block  Course,  and  so  on? 

Mr.  Bally:  Yes,  I  guess  you  could  say  that. 
The  frequencies  of  acceleration  are  much  higher 
on  the  track  laying  vehicles.  With  these  track 
laying  vehicles  you  get  the  frequency  of  the 
treads  and  the  pads. 

W.  Studebaker  (Collins  Radio):  I  have  been 
in  direct  association  with  the  communications 
system  which  you  spoke  of  and  maybe  can  shed 
some  light  on  this  subject  of  the  difference  be¬ 
tween  wheeled  vehicles  and  tracked  vehicles.  I 
think  the  main  difference  is  not  the  fact  that  we 
receive  higher  g  levels  on  the  tracked  vehicle, 
but  the  fact  that,  at  the  track  laying  frequency, 
this  g  level  is  sustained  for  a  long  period  of 
time.  Should  this  track  vehicle  travel  a  course 
at  some  given  speed,  the  one  in  this  instance 
which  was  most  critical  was  22  mi^  which  gives 
us  a  frequency  input  of  about  64.5  cycles,  this 
input  is  sustained  during  the  period  of  time 
which  this  vehicle  maintains  this  speed.  Should 
it  travel  for  1.5  hours  at  this  speed,  it  means 
that  you  have  a  steady  frequency  input  for  1.5 
hours  at  whatever  the  input  level  ha{q;>ens  to  be, 
which  varies  with  the  hardness  of  the  road 
course. 

Mr.  (GE):  I  noticed  that  in  Fig.  17 
you  had  the  different  filter  setUngs  and  then 
you  commented  how  the  acceleration  levels 
dnqiped.  Now,  I  would  imagine  if  you  had,  say 
Inst^  of  5  to  20  you  set  the  filter  setting  at 
5  to  10,  it  would  drop  even  noore,  and  if  you  set 
it  from  5  to  8  why  the  level  would  be  even  less. 
So,  what  was  the  significance  of  that?  I  didn't 
get  the  point  to  that. 
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BaUy;  Well  11  you  were  going  to  vibrate 
the  thing  at  20  cycles  you  wouldn't  use  1.9  g  as 
an  Input  would  you?  Because  1.9  g  didn't  occur 
at  that  frequency 

Mr.  Stem;  Were  you  trying  to  show  then 
that  from  the  5  to  20  cycle  setting  was  the  pre¬ 
dominant  frequency?  You  felt  this  was  It  or 
that  you  could  have  gone  further? 

Mr.  Bally;  We  felt  that  that  waa  It. 

Mr.  Stem;  Well  this  Is  arbitrary  on  your 
part.  You  just  get  down  to  where  it  looks  nice. 


you  stqp  there,  and  then  you  say  that  this  is 
about  it  then. 

Mr.  Bally;  Yes. 

Mr.  Stern:  One  final  question,  since  these 
Washboards  all  seem  to  be  rather  periodic  like, 
say  half  sine  waves,  do  you  ever  try  to  repre¬ 
sent  the  truck  and  the  Washboard  on  an  amdog 
computer  before  you  go  to  these  road  tests? 

Mr.  Bally;  This  is  being  considered. 


*  *  * 
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DEVELOPMENT  OF  VIBRATION  DESIGN  PROCEDURES  FOR 
THE  ORBITING  ASTRONOMICAL  OBSERVATORY 


Bernard  Shatz  and  Murray  Bernstein 
Dynamic  Analysis  Section 
Grumman  Aircraft  Engineering  Corporation 
Bethpage,  New  York 


This  paper  presents  analytical  and  experimental  procedures  used  to 
assure  the  adequacy  of  the  spacecraft  structure  and  equipment  under 
the  vibration  requirements  of  the  NASA  Environmental  Test 
Specification. 


INTRODUCTION 

The  Orbiting  Astronomical  Observatory 
(OAO)  Is  a  precisely  stabilized,  3300-pound, 
scientific  satellite  capable  of  accommodating  a 
variety  of  astronomical  experiments.  The  first 
observatory  will  be  launched  In  1964  by  an 
Atlas- Agena  Booster  from  the  Atlantic  Missile 
Range  Into  an  approximately  circular  orbit  at  an 
altitude  of  500  statute  miles. 

Each  OAO  Is  comprised  of  two  main  sys¬ 
tems,  the  spacecraft  and  the  experiment  pack¬ 
age.  The  spacecraft  Is  being  developed  by  the 
Grumman  Aircraft  Engineering  Corporation  for 
the  Goddard  Space  Flight  Center  of  the  National 
Aeronautics  and  Space  Administration.  The 
different  scientific  experiments,  weighing  up  to 
800  pounds,  will  be  supplied  to  NASA  by  leading 
astronomers  and  observatories.  Including  the 
Smithsonian  Astrophyslcal  Observatory,  the 
University  of  Wisconsin,  Princeton  University, 
and  the  Goddard  Space  Flight  Center  Itself. 

This  paper  describes  the  development  of 
analytical  and  experimental  vibration  design 
procedures  used  to  assure  the  adequacy  of  the 
spacecraft  structure  and  equipment  under  the 
requirements  of  the  NASA  Test  Specification. 


DESCRIPTION  OF  THE  OBSERVATORY 

The  OAO  Is  an  aluminum  structure  116 
inches  In  height  with  an  octagonal  plan  form 
measuring  80  Inches  across  the  flats;  it  encloses 
a  hollow,  48-lnch  diameter  cylinder  which 
houses  the  experiment  package.  Solar  paddles. 


folded  flat  against  the  octagonal  sides  during 
launch,  are  erected  after  boostei  burnout  to 
provide  electrical  power. 

A  general  arrangement  of  the  OAO  structure 
Is  given  In  Fig.  1.  The  primary  structure  con¬ 
sists  of  a  central  tube,  eight  trusses  emanating 
from  the  tube  and  extending  to  the  apexes  of  the 
octagon,  and  seven  shelves  or  bulkheads  con¬ 
necting  the  trusses  and  tube.  These  shelves 
divide  the  spacecraft  Into  6  toroids,  which  are 
further  divided  by  the  trusses  Into  48  bays, 
wherein  all  Items  of  equipment,  e.g.,  data  proc¬ 
essing,  stabilization  and  control,  and  so  on,  are 
located.  The  spacecraft  is  attached  to  the  Agena 
by  means  of  a  14 -Inch  high  Interstage  structure 
in  the  form  of  a  conical  frustum  with  a  60-lnch 
diameter  at  the  booster  attachment  plane. 


VIBRATION  REQUIREMENTS 

The  NASA  Vibration  Test  Specification  re¬ 
quires  that  a  broadband  motion  Input,  at  the 
levels  shown  In  Table  1,  be  applied  to  the  base 
of  the  spacecraft.  In  recognition  of  the  possi¬ 
bility  of  generating  unrealistically  large  load 
factors  at  spacecraft  antlresonant  frequencies, 
the  specification  states  that  "during  vibration 
testing,  the  vibration  iiqnit  be  controlled  so  that, 
at  or  near  the  major  modal  frequencies,  the 
design  strength  of  the  structure  shall  not  be 
exceeded."  The  specification  further  requires 
that  the  response  of  the  OAO  structure  to  the 
base  liqnit  motion  be  determined  at  all  equip¬ 
ment  locations.  This  response  is  then  to  form 
the  basts  of  the  vibration  requirements  for 
the  equipment. 
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Fig.  1  -  Structural  arrangement 


TABLE  1 

OAO  Vibration  Test  Requirements 


Sinusoidal 

Axis 

Frequency  (cps) 

Amplitude 

Longitudinal 

5  -  10 

10  -  50* 

50»  -  400 

400  -  2000 

0.5"  D.A. 

2.5- g  Vector 
5.0-g  Vector 

7.5- g  Vector 

Lateral 

5  -  9 

9  -  400 

400  -  2000 

0.5"  D.  A. 

2.0-g  Vector 
7.5-g  Vector 

Random 

All 

70  -  2000 

O.OS-g^/cps, 

8  mlnutes/axls 

^This  frequency  shall  be  adjusted  to  correspond 
to  1.414  times  the  first  longitudinal  major 
structural  mode  of  the  spacecraft. 


ANALYTICAL  TREATMENT 

Since  It  was  necessary  to  establish  vibra¬ 
tion  requirements  for  all  items  of  equipment 
long  before  vibration  levels  could  actually  be 
measured  during  a  vibration  test  of  the  (%serva- 
tory,  a  series  of  forced- response  analyses  were 
performed  by  considering  the  OAO  a  multl- 
dcgree-of-freedom  cantilever  beam  system  sub¬ 
jected  to  the  motion  liq>ut. 

The  structural  arrangement  of  the  space¬ 
craft,  i.e.,  seven  equipment  toroids,  suggested 
a  seven  mass  point  representation  of  the  space¬ 
craft  structure  and  equipment  mass  distribution. 


In  addition,  a  representation  of  the  experiment 
package  was  required.  Unfortunately,  at  the 
time  of  the  analysis,  there  was  no  available 
information  on  the  mass  and  stiffness  distribu¬ 
tion  of  the  experiment.  In  fact,  the  experi¬ 
menters  themselves  had  not  yet  fixed  the  con¬ 
figuration  or  contracted  for  the  construction  of 
the  packages.  Therefore,  the  weight  of  the  first 
experiment  was  estimated,  and  the  package  was 
considered  as  a  single  mass.  The  lumped- 
parameter  representation  of  the  OAO  used  in 
the  forced  response  analysis  is  shown  In  Fig.  2. 

The  Influence  coefficients  needed  to  repre¬ 
sent  the  structural  stiffness  distribution  were 
derived  from  an  elastic  analysis  of  the  OAO 
structural  arrangement.  The  analysis  was  based 
primarily  on  the  assumption  that  the  equipment 
shelves  were  of  infinite  rigidity,  i.e.,  each  shelf 
was  assumed  to  be  completely  rigid,  moving  as 
a  unit.  It  was  further  assumed  that  all  modes 
were  uncoupled,  i.e.,  there  was  no  bending  with 
longitudinal  or  axial  motion,  nor  torsion  with 
lateral  or  transverse  motion. 

The  analysis  was  a  standard  lumped- 
parameter,  normal  mode  treatment  modified  to 
account  for  a  motion  input.  1  The  equations  of 
motion  and  the  forced  response  analysis  are 
presented  in  the  ^pendix. 

It  was  previously  mentioned  that  the  NASA 
Specification  required  that  liqnit  motions  be  con¬ 
trolled  in  order  to  preclude  exceeding  the  design 
strength  of  the  structure.  The  shears,  bending 
moments,  and  axial  loads  due  to  the  specified 
liq>uts  were  therefore  calculated  and  compared 


^Unpublished  work  of  William  Clark  and  Louis 
Pulgrano  of  the  Dynamic  Analysis  Section, 
Grumman  Aircraft  Engineering  Corporation. 
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Fig.  2  -  Lumped  parameter  representation  of  OAO  used  in  analysis 


with  the  static  design  criteria.  At  those  fre¬ 
quencies  where  the  analysis  Indicated  that  the 
design  strength  would  be  exceeded,  the  maximum 
allowable  Input  levels  were  determined.  The 
response  of  the  OAO  to  this  adjusted  input 
spectrum  was  then  calculated,  and  the  mottoos 
of  equipment  and  structure  at  the  various  loca¬ 
tions  in  the  spacecraft  were  obtained.  Figure  3 
is  a  typical  example  of  the  results  of  the  aaaly- 
The  response  Is  shown  only  for  those  fre¬ 
quencies  where  the  basic  input  to  the  spacecraft 
is  exceeded.  The  envelope  enclosing  the 
i«a|>oaae  spectrum  Is  taken  as  the  equipment 
viflaratkm  requirements.  This  envelq;>e  was 
suggested  by  ttie  NASA  to  provide  for  simplicity 
la  testing,  and  to  allow  for  the  Inaccuracies  re- 
suiting  from  the  simplifying  assumptions  used 
is  the  ana^wls. 

The  structural  dasiping  coefficient  plays  a 
siguiacant  role  ta  a  vQirafcion  analysis  such  as 
this,  since  it  is  this  parasaeter  which  limits 
resosant  reaiiOBse.  Based  on  Grumman's  expe¬ 
rience  with  airplane  structures,  a  structural 
dangling  coeffident  (equtvaleat  approximately 


to  twice  the  critical  damping  ratio)  of  0.04  was 
chosen  as  being  typical  of  this  type  of  built-up, 
riveted  aluminum  structure.  Tests  of  the 
structural  model  later  revealed  damping  factors 
which  were  considerably  higher  than  this 
assumed  value.  In  most  cases,  however,  this 
assumpthm  did  succeed  in  pro^cing  the  pre¬ 
dicted  equipment  and  structural  motions  con¬ 
servatively  greater  than  those  which  actually 
occurred. 


VIBRATION  TESTS 

A  vibration  test  program  was  conducted  on 
the  structural  model  spacecraft  in  order  to 
establish  the  structural  integrity  of  the  space¬ 
craft.  Although,  as  previously  mentioned,  the 
strength  of  the  structure  was  limited  to  static 
design  criteria,  the  vibration  tests  served  to 
demonstrate  the  continued  alignment  of  primary 
structure,  the  adequacy  of  secondary  structure, 
equipment  supports,  and  so  on,  and  to  provide 
confidence  in  both  primary  and  secondary  struc¬ 
ture  under  the  action  of  local  resonant  conditions. 


Fig.  3  -  Result!  of  vibration  analysis 
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A  second  objective  of  the  tests  was  to  meas¬ 
ure  the  actual  vibratory  environment  to  which 
equipment  and  subsystems  would  be  subjected 
during  the  vibration  tests  of  the  prototype  ob¬ 
servatory.  These  measured  vibration  levels 
were  to  supersede  those  calculated  by  analysis. 
They  would  in  addition  serve  as  a  check  on  the 
analysis. 

In  order  to  specify  the  input  levels  at  fre¬ 
quencies  close  to  the  major  modes,  it  was  nec¬ 
essary  to  determine  the  vibration  loads  which 
would  just  approach  the  design  strength,  as 
required  by  the  NASA  specification.  These 
loads  were  obtained  by  three  independent 
methods: 

e  The  loads  in  the  spacecraft  structure 
were  calculated  using  the  type  of  normal  mode 
analysis  initially  used  to  estimate  the  environ¬ 
ment,  except  that  the  actual  measured  mode 
shapes  and  imping  coefficients  were  substituted 
in  place  of  the  previously  calculated  and  assumed 
values. 

e  The  force  applied  by  the  shaker  to  the 
base  of  the  spacecraft  was  determined  from 
armature-coll-current  measurements  made 
during  the  tests,  to  yield  the  load  (shear  or 
axial)  at  the  base  of  the  spacecraft. 

e  Strain  gages  installed  on  primary  struc¬ 
tural  members  and  monitored  during  previous 
static  structural  tests  were  used  to  limit  vibra¬ 
tion  levels  to  keep  strain  values  during  the 


vibration  tests  no  greater  than  those  measured 
during  static  tests. 

During  the  mode  surveys,  and  later  during 
the  actual  vibration  tests,  measurements  were 
made  at  more  than  100  locations  in  the  space¬ 
craft.  To  keep  the  loads  calculations  within 
reasonable  bounds,  the  mode  shapes  were 
"averaged"  across  each  shelf  station;  this 
resulted  in  a  10- mass  configuration  which  was 
similar  to  the  previous  8-mass  system,  but 
with  the  addition  of  better  experiment  package 
representation. 

The  structural  loads  calculations,  there¬ 
fore,  also  include  the  original  assumptions 
regarding  shelf  rigidity  and  uncoupled  modes. 
The  behavior  of  the  OAO  observed  during  the 
tests  was  appreciably  different.  There  was  con¬ 
siderable  elastic  motion  of  the  shelves  during 
the  longitudinal  tests,  and  a  significant  amount 
of  torsion  in  the  lateral  tests.  Figure  4  Is  an 
example  of  "umbrella"  motion,  as  observed  dur¬ 
ing  the  longitudinal  tests,  which  shows  large 
amounts  of  shelf  deformation.  Because  this 
behavior  was  not  considered  in  the  loads  analy¬ 
sis,  it  was  felt  that  the  calculated  structural 
loads  were  unconservative.  The  strain  gages, 
on  the  other  hand,  measured  the  actual  strains 
in  the  primary  structural  members,  including 
the  bending  and  torsional  effects.  The  strain 
gage  responses  were  therefore  chosen  as  the 
governing  factor  in  comparison  with  the  loads 
calculations. 


Fig,  4  -  OAO  longitudinal  "umbrella"  motion- 145  cpt; 
views  of  orthogonal  axes 
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The  use  of  the  shaker-armature-coll- 
current  measurements  as  a  load  Indicating 
technique  might  have  been  adequate  if  the  OAO 
response  were  unidirectional.  However,  the 
presence  of  bending  and  torsion  in  the  spacecraft 
primary  structure  clearly  resulted  in  unknown 
reactive  moments  at  the  shaker  support  points. 
This  led  to  the  conclusion  that  the  average 
shaker  axial  load  was  not  as  good  an  indication 
of  the  actual  total  load  in  the  OAO  structure  as 
the  strain  gages.  These  measurements,  there¬ 
fore,  were  also  discarded  in  favor  of  the  strain 
gage  readings.  It  is  Interesting  to  note,  how¬ 
ever,  that  all  three  procedures  yielded  similar 
results,  differing  by  only  about  30  to  40  percent. 

Following  the  survey  of  each  mode,  an 
attempt  was  made  to  measure  the  modal  struc¬ 
tural  damping  coefficient  by  using  the  standard 
frequency  bandwidth,  or  half  power  point  proce¬ 
dure.  This  method  is  considered  to  be  valid  for 
distinct,  well- separated  modes  with  magnifica¬ 
tion  factors  of  at  least  10.  The  modes  which 
were  measured  (the  lower  three  or  four  in  each 
direction)  were,  in  general,  neither  distinct  nor 
well  separated;  they  had  magnification  factors 
in  the  range  of  5  to  15.  Therefore,  there  was 
considerable  doubt  as  to  the  accuracy  of  this 
method. 

There  is,  however,  a  straightforward  pro¬ 
cedure  by  which  the  modal  damping  coefficient 
may  be  calculated  by  use  of  known  or  measured 
mode  shapes,  mass  distribution,  and  modal 
magnification  factor.  This  method  is  described 
in  the  Appendix.  Damping  coefficients  in  the 
range  of  0. 10  to  0.45  were  obtained  by  this 
me^od.  These  values  were  experimentally 
corroborated  in  those  modes  on  which  the  fre¬ 
quency  bandwidth  method  could  be  used. 

The  extraordinarily  high  damping  values 
are  attributed  to  the  energy  dissipation  in  the 
many  expansion  joints  Incorporated  into  the 
equipment  support  structure.  These  joints  were 
designed  to  Increase  thermal  isolation  between 
equipment  and  spacecraft  structure  in  order  to 
reduce  structural  misalignment  due  to  thermal 
stress  gradients. 

Since  the  vibration  input  levels  had  to  be 
reduced  only  in  those  modes  where  the  design 
strength  would  be  exceeded,  only  the  first  three 
or  four  modes  in  each  direction  were  measured. 
A  comparison  of  these  mode  shapes  with  those 
previously  calculated  showed  good  correlation 
with  some  exceptions.  The  interstage  proved  to 
be  considerably  'softer  in  the  axial  direction 
than  anticipated.  Modes  were  also  found  in 
which  almost  the  entire  motion  was  in  the  ex¬ 
periment  package.  Due  to  the  original 


single- mass  representation  of  the  experiment 
package,  these  modes  could  not  have  been 
quantitatively  predicted;  however,  they  were 
qualitatively  predicted,  and  came  as  no 
surprise. 

Because  of  the  normal  mode  type  of  analy¬ 
sis  used  in  predicting  equipment  motions  during 
tests,  the  analysis  was  invalid  beyond  the  fre¬ 
quency  of  the  highest  calculated  mode,  l^thin 
this  limitation,  reasonably  good  agreement  was 
found  between  the  measured  and  predicted  modal 
frequencies.  The  measured  vibration  levels, 
on  the  other  hand,  were  generally  less  severe 
than  had  been  predicted,  primarily  due  to  the 
high  structural  damping  found  during  the  tests. 
However,  high-frequency,  moderately-damped 
motion  did  occur  in  the  lateral  direction  where 
the  motion  reached  20  to  30  g  in  the  300-  to  500- 
cps  range.  This  was  the  only  area  in  which 
unexpectedly  severe  vibration  levels  were 
encountered. 

In  addition  to  the  sinusoidal  vibration  tests 
described,  the  NASA  specification  also  required 
that  a  random  vibration  test  be  conducted  on  the 
OAO.  The  input  spectral  density  is  shown  in 
Table  1.  The  original  requirement  of  including 
structural  amplification  in  equipment  design  and 
test  criteria  applied  to  the  random  as  well  as 
the  sinusoidal  test. 

Measurement  of  the  test  environment  at  the 
many  equipment  locations  necessitated  repeat¬ 
ing  the  sinusoidal  tests  several  times  in  each 
direction.  Application  of  this  procedure  to  the 
random  vibration  tests  would  have  unduly  in¬ 
creased  the  exposure  to  vibration,  thus  creating 
the  possibility  of  unwarranted  and  unnecessary 
fati^e  failures.  Furthermore,  it  was  felt  that 
random  vibration  requirements  for  equipment 
could  be  determined  with  reasonable  accuracy 
by  applying  transfer  functions  measured  during 
the  sinusoidal  tests  to  the  specification  input 
levels.  Repeated  random  vibration  tests  were 
not  conducted;  rather,  the  random  tests  were 
performed  only  once  in  each  direction,  for  the 
qualification  of  structure.  During  these  runs, 
vibration  measurements  were  taken  to  check  the 
accuracy  of  the  transfer  function  procedure.  A 
comparison  of  the  measured  transfer  function 
with  a  spectrum  analysis  of  the  acceleration 
during  Uie  random  test  is  shown  in  Fig.  5.  It  is 
sq>parent  that  the  low-frequency  portion  of  the 
spectrum  is  overestimated  by  using  sinusoidal 
transfer  functions. 

TEST  VERSUS  FLIGHT  ENVIRONMENT 

The  purpose  of  prototype  vibration  tests 
is  to  provide  assurance  of  successful  operation 
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Fig.  5  -  Comparieon  of  rms  accelera¬ 
tion  during  random  vibration  test  with 
transfer  function  measured  during 
sinusoidal  test 


throughout  the  Intended  mission.  In  view  of  the 
unknown  variations  In  mission  environments, 
some  degree  of  conservatism  In  these  tests  Is 
desirable.  However,  since  excess  conservatism 
can  be  Inordinately  expensive  In  design  weight 
and  other  costs,  careful  consideration  must  be 
given  to  the  degree  of  conservatism  allowed. 

It  should  be  noted  that  there  are  unavoidable 
differences  between  test  and  flight  environ¬ 
ments,  because  the  Impedance  characteristics 
of  the  booster  are  clearly  different  from  those 
of  the  electromechanical  vibration  exciter  used 
during  the  vibration  tests.  Thus  the  vehicle 
boundary  conditions  during  the  tests  can  differ 
radically  from  the  actual  boundary  conditions. 

A  major  concern  In  the  OAO  vibration  tests 
was  the  possibility  that  the  reduced  test  Input 
motion  would  not  adequately  simulate  the  flight 
environment  In  the  low  frequencies,  thereby 
creating  a  possible  unconservative  condition  In 
the  tests. 

In  order  to  evaluate  the  degree  of  conserva¬ 
tism  In  the  OAO  vibration  test  requirements,  a 
comparison  was  made  between  anticipated  flight 
levels  and  measured  test  levels. 


Available  data  from  Atlas  launcUags  indi¬ 
cated  that  the  greatest  lateral  motion  would 
probably  occnr  at  the  fvsdanental  bendfaig  fre¬ 
quencies  of  the  Atlas- Agena-OAO  veMcte  at  the 
time  of  maximum  dynamic  pressure.  The  antici¬ 
pated  motion  for  the  upper  portion  of  the  vehicle 
Is  shown  In  Fig.  6.  Locations  of  the  node  lines 
are  of  partlcatar  slgaiflcanee.  It  may  be  noted 
that  the  locatian  of  the  first  node  line  moves 
upward  with  tecreasiag  frequencies.  The  struc¬ 
tural  loading  due  to  this  type  of  motion  appears 
to  be  highest  at  5. 1  cps,  next  highest  at  2.5  cps, 
and  then  lower  for  sack  additional  mode  of  In¬ 
creasing  frequency,  and  as  additional  node  lines 
occur  within  the  OAO.  The  motions  at  2^  and 
5.1  cps  could  not  be  simulated  In  the  teat  since 
they  are  beyond  the  capability  of  arailable  test 
equlpnoest.  However,  since  ttie  naSUon  of  the 
OAO  at  these  frequencies  are  prlsmrily  rigid 
body,  static  teats  were  considered  adequate  to 
demonstrate  required  strength.  la  the  faig^r 
modes,  the  struetaral  loading  Is  a  fesctlon  of 
the  mode  shapes,  as  well  as  vtorattos  levels. 

The  deformatimi  paltera  of  the  OAO  ia  the  8.2- 
cps  vehicle  nsode  is  similar  to  that  of  Hie 
fundamental  9  cps  OAO  resonance  found  during 
the  vibration  test;  the  node  line  oecarriag  at  the 
base  both  during  test  and  ia  flight.  Stmctnral 
loads  due  to  vibration  amuld  therefore  be  maxi¬ 
mum  at  the  base,  and  depend  directly  tqmn 
amplitudes  in  the  forward  portion  of  the 
Observatory. 

A  comparison  of  lateral  vibration  levels 
measured  at  the  top  of  the  OAO  with  anUcipsted 
flight  levels  is  shown  in  Fig.  7.  The  amplitudes 
of  the  data  shown  are  peak  values  at  payload 
location  available  from  several  Atlas  launchings; 
the  frequencies  were  adjusted  to  coincide  with 
the  vehicle  bending  resonances  anticipated  dur¬ 
ing  the  maximum  dynamic  pressure  condition. 

It  is  seen  that  levels  measured  during  the  test 
were  equal  to  or  higher  than  anticipated  flight 
levels  at  9  cps,  and  also  at  the  other  frequencies 
where  the  li^t  was  reduced  to  preclude  exceed¬ 
ing  design  strength.  Over  the  remainder  of  the 
frequency  range  shown,  the  vibration  levels  were" 
considerably  higher  than  the  anticipated  flight 
levels,  and  therefore,  the  corresponding  shear 
and  bending  loads  were  higher  than  those  antici¬ 
pated  during  flight. 

A  comparison  of  longitudinal  vibration  test 
levels  with  measured  flight  data  below  100  cps 
is  shown  in  Fig.  8.  It  is  seen  that  the  peak  levels 
at  the  top  of  the  OAO  during  test  were  consider¬ 
ably  higher  than  the  limited  flight  data  availsdile. 
As  in  the  lateral  case,  the  severity  of  the  struc¬ 
tural  loading  depends,  upon  the  mode  sluq>e,  i.e., 
upon  the  amount  of  mass  moving  in  phase,  as 
well  as  the  vibration  levels.  A  review  of  the 
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Fig.  6  •  Anticipated  motion  of  OAO  in  low- 
frequency  booster  bending  modes 
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Varloua  Atlaa-Apcna  B  Shota 


Fig.  7  -  Comparison  of  OAO  lateral 
vibration  test  data  with  anticipated 
flight  levels 
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Fig*  8  -  Comparison  of  OAO  longitudinal 
vibration  test  data  with  anticipated 
flight  levels 
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low-frequency,  full-vehicle,  longitudinal,  mode 
shapes  indicated  that  more  of  the  OAO  mass 
was  moving  in  phase  during  full-vehicle  reso¬ 
nances  than  during  the  tests.  However,  since 
the  test  levels  were  much  higher  than  the 
anticipated  flight  levels,  the  test  loads  were 
considered  conservative. 

The  foregoing  discussion  is  based  upon  the 
assumption  that  the  peak  response  at  the  top  of 
the  full  launch  vehicle  will  not  change  appreci¬ 
ably  when  the  OAO  la  mounted  in  place  of  the 
payloads  used  when  the  measurements  were 
made.  This  is  justified  since  no  appreciable 
change  in  the  applied  force  or  damping  is  antici¬ 
pated,  and  a  brief  review  of  the  analysis  used 
showed  that  the  generalized  mass  would  prob¬ 
ably  remain  the  same,  or  increase  somewhat. 
The  new  full  vehicle  modes  would  thus  be  simi¬ 
lar  and  would  still  result  in  maximum  motion 
at  the  top.  Therefore  no  significant  change  in 
response  is  anticipated. 

There  is  considerable  discussion  in  the 
published  literature  on  the  possibility  of  large 
motions  occurring  if  a  payload  antiresonance 
coincides  with  a  vehicle  resonance.  This  could 
occur  if  the  vehicle  Impedance  is  considerably 
higher  than  the  payload  Impedance,  at  the  pay- 
load  antiresonance.  An  investigation  described^ 
disclosed  that  this  was  not  the  case  for  the 
OAO. 

In  the  higher  frequencies,  i.e.,  greater  than 
100  cps,  the  motion  consists  of  a  superposition 
of  complex  mode  shapes.  The  exciting  forces 
include  aerodynamic  turbulence,  acoustical 
excitation,  and  engine  thrust  oscillations.  It  is 
difficult  to  estimate  the  degree  to  which  a 
motion  input  vibration  test  simulates  the  mis¬ 
sion  environment  in  this  frequency  range.  If, 
as  is  usually  done,  the  response  motion  on 
structural  hard  points  is  t^en  as  a  criterion, 
the  OAO  vibration  test  will  result  in  a  more 
stringent  environment  by  the  amount  of  the 
amplification  factors  measured,  since  the  Inputs 
required  at  the  base  were  an  envelope  of  tim 
maximum  levels  measured  on  past  vehicles  of 
similar  configuration.  An  unexpected  result  of 
these  tests  was  the  amplification  from  3  to  4, 
as  experienced  in  the  lateral  direction  at  fre¬ 
quencies  between  300  and  600  cps,  in  which 
vibration  levels  of  up  to  30  g  were  measured. 

As  a  result,  the  environment  in  this  frequency 
range  is  more  stringent  in  the  lateral  direction 
than  in  the  longitudinal. 


^Pulgrano,  L.  J.,  Shock,  Vibration,  and  Asso¬ 
ciated  Environments  Bulletin  No,  31,  Part  II, 
(Oct.  1962). 


IMPEDANCE  CONSIDERATIONS 

During  the  design  of  the  OAO  it  was  ex¬ 
pected  that  just  as  the  OAO  Impedance  could 
have  a  significant  effect  on  the  motion  of  the 
Atlas- Agena,  perhaps  items  of  equipment  having 
appreciable  impedance  might  affect  the  OAO 
environment.  One  such  item  was  a  star  tracker, 
in  which  a  5 -pound  telescc^  mounted  on  a 
beam-like  gimbal  resonated  at  a  frequency  close 
to  the  second  calculated  OAO  longitudinal  mode. 
The  original  OAO  analysis  indicated  that  the 
motion  at  the  star  tracker  location  would  peak 
to  approximately  20  gs.  During  the  subsequent 
OAO  vibration  tests,  wherein  all  items  of  equip¬ 
ment  were  represented  by  rigid  mass  mock-ups, 
the  response  did  peak  to  about  15  g  at  a  fre¬ 
quency  close  to  that  predicted.  If  the  environ¬ 
mental  levels  for  equipment  were  derived  in  the 
usual  manner,  an  input  requirement  of  15  g  to 
the  base  of  the  tracker  would  have  resulted. 

When  the  tracker  was  mounted  on  a  vibration 
exciter  and  tested  as  a  component,  an  amplifica¬ 
tion  of  24  was  observed.  With  a  5-g  liqnit,  120  g 
were  measured  on  the  gimbal,  producing  a  reac¬ 
tion  force  of  600  pounds.  Since  an  liq>ut  of  15  g 
would  result  in  extremely  high  response  motion, 
an  Impedance  analysis  ^  was  performed  to  evalu¬ 
ate  the  probable  effect  of  this  high  reaction 
force  on  the  OAO  motion.  The  results  of  this 
analysis  Indicated  that  at  the  resonant  frequency, 
the  addition  of  the  star  tracker  would  reduce  the 
OAO  motion  at  the  mounting  location  to  sqiproxi- 
mately  one-eighth  of  the  original  value.  How¬ 
ever,  two  additional  OAO  modes  would  be  gen¬ 
erated,  one  below  and  the  other  above  the 
resonant  frequency,  each  with  an  associated 
amplification  factor  of  about  five. 

During  the  OAO  vibration  tests,  with  the 
star  tracker  represented  by  a  lumped  rigid 
weight,  amplified  motion  did  occur  at  frequen¬ 
cies  near  140  cps.  During  a  portion  of  the  tests, 
an  actual  star  tracker  was  installed  in  place  of 
the  rigid  weight.  The  peak  vibration  level  meas¬ 
ured  on  the  gimbal  in  &ls  frequency  range  was 
about  20  g  rather  than  the  120  g  measured  dur¬ 
ing  component  tests,  as  shown  in  Fig.  9. 

This  discussion  illustrates  graphically  how 
overtesting  can  result  from  the  use  of  a  motion 
iiqjut  requirement,  i.e.,  using  measured  response 
of  a  rigid  mockup  as  an  iiqnit  requirement  for 
an  actual  unit,  particularly  if  an  internal  dynami¬ 
cal  system  of  the  unit  is  Involved. 


^Shatz,  B.,.and  Pulgrano,  L.,  "OAO  Equipment 
Vibrations  Including  Mechanical  Impedance 
Considerations,"  Grunnman  Aircraft  Engineer¬ 
ing  Corporation  Report  -  OAO-TR-DAN 
252R-15.0  (Nov.  13,  1961). 
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Fig.  9  -  Comparison  of  star  tracker 
motion  component  test  and  OAO  test 
internal  gimbal  response 


CONCLUDING  REMARKS 

Because  hindsight  Is  always  more  reliable 
than  foresight,  recommendations  for  future 
analyses  of  this  kind  are  readily  presented. 

The  eight- mass  representation,  as  used  In 
the  original  analysis  of  equipment  motion,  is 
Inadequate  without  at  least  the  following  addi¬ 
tional  coordinates; 


s  Longitudinal  motion:  rotational  coordi¬ 
nates  for  bending  in  the  two  lateral  planes  In 
addition  to  the  longitudinal  translational 
coordinates. 

e  Lateral  motion:  rotational  coordinates 
for  torsion  and  lateral  bending,  in  addition  to 
the  lateral  translational  coordinates. 

A  lumped  parameter  representation  of  the 
OAO,  and  the  recommended  system  considered 
as  the  minimum  requirements  for  future  ana¬ 
lyses,  are  shown  in  Fig.  10.  Additional  repre¬ 
sentation  of  the  experiment  package  is  provided, 
since  it  does  constitute  approximately  one- 
fourth  of  the  weight  of  the  entire  Observatory. 

In  order  to  Incorporate  equipment  shelf 
flexibility  into  the  analysis,  more  than  one  mass 
point  representing  each  shelf  would  be  required. 
In  this  case  three  or  four  should  be  used,  the 
recommended  coordinate  system  notwithstand¬ 
ing.  Although  this  would  produce  a  system  of 
over  100  degrees  of  freedom,  this  complexity 
is  considered  justifiable  since  the  amount  of 
time  and  effort  required  for  such  an  analysis 
can  be  considerably  reduced  by  present  day 
high-speed  electronic  computers. 

The  original  assumption  of  0.04  as  a  struc¬ 
tural  damping  coefficient  still  stands  as  a  good 
estimate,  by  all  standards  and  experience  exclu¬ 
sive  of  the  OAO.  In  view  of  the  many  friction 
joints  providing  energy  dissipation,  a  coefficient 
approaching  0. 1  could  have  been  justified.  Due 
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to  the  sensitivity  with  which  the  response 
depends  upon  this  parameter,  anything  higher 
than  0.1  could  result  In  unconservative  estl* 
mates  for  equipment  and  structural  environ¬ 
ment. 

In  summary,  It  can  be  said  that  the  OAO 
vibration  analysis  and  test  program  established 
the  following:  the  predictions  of  the  vibratory 


environment  during  the  motion  Input  test  were 
subsequently  found  to  be  conservative  during 
the  actual  test  program;  It  was  further  shown 
that  the  motion  Input  test  requirements  were 
conservative  when  compared  with  the  antici¬ 
pated  flight  environment.  As  a  result,  a  high 
degree  of  confidence  exists  In  the  ability  of  the 
satellite  vehicle  to  survive  the  vibrational  rigors 
of  its  mission. 


BIBLIOGRAPHY 

Pulgrano,  L.  J.,  "OAO  Damped  Interstage  Engineering  Corporation  Report  No.  DAN- 

Study,"  Grumman  Aircraft  Engineering  2S2-451.3  (revised  Aug.  31,  1961). 

Corporation  Report  DA  252-120.1  (Mar. 

12,  1962).  Voth,  R.  J.,  "Orbiting  Astronomical  Observa- 

Shatz,  B.  and  Bernstein,  M.,  "Calculated  OAO  tory.  Mission  Feasibility  Study,  Phase  2," 

Vibratory  Environment  for  Equipment  and  General  Dynamics/ Astronautics  Report  No. 

Sub-systems,"  Grumman  Aircraft  EA6 1-0894  (Sept.  21,  1961). 


^pendix 

RESPONSE  OF  THE  OAO  TO  VIBRATORY  MOTION  INPUT 


For  a  lumped-parameter,  multl-degree-of- 
freedom  system  such  as  the  OAO  representation 
shown  in  Fig.  2,  the  equations  of  motion.  Ignor¬ 
ing  damping  can  be  written  (Ref.  1)  In  a  relative 
coordinate  system  as: 

(M]{q}  +  (K]{q}  =  -  [111  {<#.,}  u  . 


where 


[M]  s  mass  matrix 


The  use  of  the  normal  coordinates,  ',  uncouple 
the  equations  of  motion.  H  this  uncovqiling  Is  to 
be  retained,  aiqr  damping  that  is  Intro^ced  must 
be  in  a  modal  form.  With  this.  Independent 
expressions  are  obtained  for  the  normal  coordi¬ 
nates,  as: 


+  isi)  - 1 


[K]  =  spring  matrix 


where 


{q}  =  response  coordinate  relative 
to  liqnit  motion  u 

'1*)  may  be  regarded  as  the  mode 
1  sluq)e  of  the  rigid  body  trans- 
V  ;  y  latlon,  which  is  required  to 
•  I  provide  the  excitation  to  the 
system. 


Proceeding  In  the  conventional  manner,  the 
normal  modes  and  frequencies  are  obtainedfrom 
the  free  vibrations  problem.  The  forced  response 
is  then  expressed  as  a  s\q;>erpo8ltion  of  the  nor¬ 
mal  mode,  l.e.. 


{q}  =  ••• 


\JnJ 


n  z  frequency  of  input  motion 

»  structural  damping  coefficient  in  !**■ 
mode. 

j  = 

With  the  normal  coordinates,  and  the  use 
of  proper  transformation  matrices,  shears, 
bending  moments,  axial  loads,  or  stress  distri¬ 
butions  may  be  easily  calculated. 

If  the  system  is  excited  in  the  i***  mode, 
i.e..  If  the  above  expression  can  be  rearranged 

as 

_  u 

**  ’  S  ' 
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where  j  has  been  deleted  since  It  signilles 
only  plvue  shift.  Since  all  of  the  terms  may  be 


measured  or  calculated,  the  modal  damping 
coefficient  may  easily  be  determined. 


DISCUSSION 


Davis  (GE);  I  notice  your  paddles  are 
opened  at  some  time  during  your  fl4(ht  profile. 
Could  you  tell  me  what  the  frequency  of  your 
(Ven  paddles  is,  and  whether  the  dynamic  loads 
at  separation  in  any  way  influence  your  design 
criteria  for  the  paddles  ? 

Mr.  Shata:  The  solar  paddles?  Somewhere 
around  15  or  18  cps. 


Mr.  Davis:  I'm  asking  about  the  open 
configuration. 

Mr.  Shatz:  Oh,  we  never  did  any  work 
on  them  open.  There  was  no  worry  about 
any  loads  on  them  during  injection  into 
orbit. 
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A  METHOD  FOR  SELECTING  OPTIMUM 
SHOCK  AND  VIBRATION  TESTS 


R.  E.  Blake 

Lockheed  Missiles  and  Space  Company 
Sunn  'vale,  California 


Measurements  from  tests  have  shown  a  tremendous  scatter  for  succes¬ 
sive  flights  at  the  same  pick-up  location.  The  cause  of  this  scatter, 
ranging  over  factors  such  as  4:1,  is  still  unknown  and  yet  designs  must 
be  made,  tested,  and  qualified.  This  data  scatter  has  led  to  the  use  of 
Decision  Theory  to  find  a  rational  solution  in  the  face  of  uncertainty. 


INTRODUCTION 

The  primary  objective  for  most  of  the  work 
done  on  shock  and  vibration  Is  to  obtain  equip¬ 
ment  which  will  not  fall  In  service;  and  the  pri¬ 
mary  tool  for  achieving  this  goal  Is  the  test 
machine  which  produces  the  severe  shock  and 
vibration  environments  In  which  these  equip¬ 
ments  are  tested.  Although  the  severity  of  a 
test  is  related  tb  measurements  made  under 
service  conditions,  there  are  many  reasons  why 
a  test  cannot  and  should  not  be  a  simple  rep¬ 
etition  of  a  shock  or  vibration  observed  in  the 
field.  This  paper  is  concerned  with  how  the 
various  factors  Involved  should  be  weighed  in 
order  to  make  the  best  choice  of  a  test  level. 

First,  several  of  these  factors  will  be  dis¬ 
cussed  in  order  to  make  it  clear  that  the  uncer¬ 
tainties  Involved  In  choosing  a  test  level  are 
both  numerous  and  large.  Furthermore,  these 
uncertainties  will  not  be  resolved  In  the  near 
future  by  such  conventional  engineering  ap¬ 
proaches  as  theoretical  analysis,  addition^  data, 
research,  or  by  using  factors  of  safety  and  con¬ 
servative  assumptions.  This  is  not  so  much  a 
technical  problem  as  a  problem  for  "engineer¬ 
ing  judgment." 

It  will  be  argued  in  this  p^er  that  the  prob¬ 
lem  is  to  arrive  at  a  test  level  which  balances 
the  risk  of  being  too  severe  and  requiring  too 
much  redesign  against  the  risk  of  being  too  le¬ 
nient  and  having  too  many  service  failures.  It 
will  be  shown  that  a  rational  method  for  calcu¬ 
lating  these  risks  and  weighing  the  evidence  is 
offered  by  statistical  decision  theory  [1].  After 


a  description  of  the  principle  ideas  of  this 
newly-developed  branch  of  game  theory,  it  will 
be  shown  how  the  theory  applies  to  the  selec¬ 
tion  of  test  levels. 


UNCERTAINTIES 

Some  of  the  uncertainties  in  choosing  a 
test  are  due  to  unsolved  theoretical  and  tech¬ 
nical  problems,  some  are  due  to  uncontrolled 
variation  of  factors  which  influence  severity  of 
shock  or  vibration,  some  are  due  to  lack  of 
enough  data,  and  some  are  due  to  fuzzy  defini¬ 
tions  of  just  what  a  test  is  expected  to  accom¬ 
plish.  Since  all  of  these  factors  affect  how  good 
our  choice  will  be,  it  is  not  reasonable  to  spend 
a  lot  of  time  resolving  a  fine  technical  point 
while  a  far  bigger  source  of  error  is  left  un¬ 
touched.  It  is  for  this  reason  that  we  shall 
deviate  from  the  usual  technical  discussion  of 
an  engineering  problem  in  order  to  explore 
some  other  problems  that  engineers  are  also 
expected  to  solve.  Some  of  the  major  uncer¬ 
tainties  involved  in  going  from  field  data  to  a 
test  specification  are  the  following: 

s  The  field  data  usually  shows  consider¬ 
able  statistical  scatter  so  that  the  environment 
is  not  uniquely  defined.  Some  scatter  might  be 
ascribed  to  differences  in  test  conditions  and 
some  might  be  due  to  human  error,  but  the 
cause  is  not  very  clear  in  most  cases.  There 
is  some  evidence  that  structures  made  from 
the  same  drawings  have  markedly  different 
transmissions  of  high-frequency  vibrations  [2]. 


88 


i 


•  At  the  time  that  a  test  la  needed  to  simu¬ 
late  the  environment  of  a  vehicle,  it  Is  often  the 
case  that  the  vehicle  is  new,  and  few,  if  any, 
measurements  have  been  made.  Most  data  were 
taken  from  more-or-less  similar  vehicles,  or 
the  point  of  measurement  was  some  distance 
from  the  point  where  the  equipment  was  to  be 
Installed.  Tests  are  often  required  for  equip¬ 
ment  capable  of  being  Installed  anywhere  in  a 
vehicle  or  in  a  type  of  vehicle.  We  have  no  the¬ 
ory  or  measurements  showing  how  to  extrapolate 
data  for  different  structures  or  for  different 
points  on  the  same  structure. 

e  Measurements  of  motion  alone  are  not 
adequate;  they  should  be  supplemented  by  some 
kind  of  measure  of  mechanical  impedance.  We 
do  not  do  this  now,  primarily  because  it  has  yet 
to  be  shown  just  what  should  bt'  measured  and 
how  the  measurement  should  be  used  in  design¬ 
ing  a  test.  Our  major  progress  on  this  problem 
to  date  has  been  to  show  exanq>les  for  which 
impedance  effects  were  significant  [3]. 

e  The  shock  and  vibration  testing  machines 
and  fixtures  are  quite  limited  in  their  ability  to 
simulate  many  features  of  an  environment  such 
as  mechanical  impedance  [4] ,  details  of  frequency 
spectra,  simultaneous  motion  in  three  directions, 
and  so  on. 

e  The  amount  of  data  that  we  usually  have 
to  work  with  is  what  a  statistician  would  call  a 
"small  sample."  But  we  are  not  sure  that  the 
sample  is  unbiased  nor  do  we  have  much  idea 
of  the  type  of  statistical  distribution  from  which 
it  was  taken.  Nevertheless  we  would  like  to  take 
5  or  10  measurements  and  state  a  value  that  will 
be  exceeded,  say,  once  in  1000  times. 

e  The  instructions  which  we  are  given  de¬ 
fining  just  what  a  test  is  to  accomplish  are 
vague  and  unrealistic.  Typical  requirements 
for  a  test  are  "to  establish  confldeiKe  in  in¬ 
tegrity,"  "to  demonstrate  the  reliability  of  a 
design,"  "to  simulate  the  worst  expect^  envi¬ 
ronment,"  "to  qualify  the  design,"  and  so  on.  If 
it  were  possible  to  measure  and  reproduce 
shock  severity  with  reasonable  accuracy,  and  if 
some  upper  limit  of  field  conditions  cotdd  be 
defined,  these  Instructions  would  be  adequate; 
but  they  give  no  help  in  finding  a  good  com¬ 
promise  between  the  risks  of  being  over-  or 
underconservative.  Perhaps  the  shock  and  vi¬ 
bration  engineers  have  failed  to  show  manage¬ 
ment  that  a  calculated  risk  is  necessary;  but  in 
any  event  the  result  is  that  we  do  not  acknowl¬ 
edge  and  face  those  uncertainties. 


POSSIBLE  ENGINEERING  APPROACHES 

The  ideal  way  to  cope  with  an  uncertainty 
is  to  get  rid  of  it.  In  engineering  this  is  often 
done  by  obtaining  precise  information  from  re¬ 
search  by  theoretical  analysis,  or  by  gathering 
more  data.  All  of  these  a[q|)roaches  would  cer-  I 
talnly  improve  our  position,  but  it  is  doubtful 
that  they  will  reduce  our  uncertainties  to  a 
tolerable  level  in  the  next  several  years.  The¬ 
ory  and  research  tend  to  tackle,  progressively, 
more  complex  problems.  To  my  knowledge 
there  is  little  current  effort  to  solve,  by  direct 
frontal  attack,  the  difficult  problems  mentioned; 
they  seem  well  beyond  the  present  state-of-the- 
art. 

When  uncertainty  is  due  to  statistical  fluc¬ 
tuation  which  cannot  be  eliminated,  the  best  that 
can  be  done  is  to  collect  a  large  quantity  of  data 
in  order  to  define  the  statistical  distribution. 

Again,  we  could  improve  our  position  by  this 
^proach,  but  it  is  not  practical  to  get  the 
amount  of  data  we  would  like. 

In  most  engineering  solutions  to  problems 
there  are  some  residual  uncertainties  that  are 
dealt  with.  If  an  uncertainty  seems  small 
enough,  it  is  usually  safe  to  Ignore  it.  For 
somewhat  larger  uncertainties,  it  is  common 
practice  to  err  on  the  safe  side  by  making  con¬ 
servative  assumptions  and  by  using  factors  of 
safety.  It  is  to  be  expected  that  a  design  might 
be  lighter  or  less  complex  if  the  uncertainty 
could  have  been  cleared  up,  because  the  penalty 
paid  in  the  form  of  overdesign  is  seldom  meas¬ 
ured  whereas  the  engineer  can  get  into  serious 
trouble  if  a  design  is  too  weak.  However,  when 
the  uncertainties  get  too  large,  the  overdesign 
becomes  more  apparent. 

If  one  tries  to  use  conservative  assumptions 
to  be  sure  that  a  test  is  to  a  high-enough  level, 
he  will  come  out  with  a  much  more  severe  test 
than  some  field  measurement  selected  at  ran¬ 
dom.  He  then  will  be  told  by  designers  and 
management  that  he  has  been  guilty  of  over- 
conservatism  and  that  he  must  find  some  way 
to  be  practical  and  to  cut  down  his  specifica¬ 
tion.  This  is  the  beginning  of  a  frustrating  ex¬ 
perience  familiar  to  many  shock  and  vibration 
engineers.  As  he  tries  to  reduce  his  uncer¬ 
tainties  by  more  analysis  and  more  data,  he 
makes  less  headway.  In  fact,  he  is  likely  to 
become  more  aware  of  the  magnitude  of  the 
gaps  in  his  knowledge.  When  the  engineer 
doesn't  seem  to  be  making  progress,  the  prob¬ 
lem  is  taken  over  by  a  supervisor  or  committee 
who  apply  "engineering  judgement"  to  get  an 
"interim  specification"  which  more  or  less 
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ntisfies  all  concerned.  The  Interim  solution 
then  continues  Indefinitely  because  the  engineer 
never  finds  a  good  technical  solution. 

So,  In  addition  to  the  technical  problems  of 
obtaining  a  good  test  (or  rather  because  of  them), 
there  Is  still  another  problem  —  that  of  using 
engineering  judgment  to  find  a  good  balance 
between  the  Incentives  to  be  on  the  safe  side 
and  the  Incentives  to  avoid  overdesign.  It  Is 
this  problem  which  will  be  examined  next  in 
some  detail. 


ENGINEERING  JUDGMENT 

We  start  by  asking,  just  what  one  means  by 
that  very  common  but  nebulous  expression  "en¬ 
gineering  judgment?"  Perhaps  Its  meaning  is 
vague  because  It  Is  best  defined  In  a  negative 
sort  of  way;  it  is  any  means  of  solving  an  engi¬ 
neering  problem  except  conventional  methods 
of  analysis  and  experiment  such  as  those  taught 
in  engineering  school.  Good  judgment  may  use 
any  mental  tools  including  ingenuity  to  take  ad¬ 
vantage  of  any  special  peculiarity  of  a  problem, 
but  an  essential  Ingredient  for  every  situation 
seems  to  be  a  large  store  of  experience  with 
many  problems  and  their  solutions.  Although 
details  of  all  this  experience  may  be  forgotten, 
a  person  with  engineering  judgment  has  an  ad¬ 
mirable  talent  for  guessing  the  right  answer  to 
a  problem.  He  may  be  unable  to  explain  his 
decision  to  others,  but  it  Is  a  good  bet  that  he 
Is  right.  Unfortunately  there  is  no  certain  way 
of  knowing  when  he  Is  going  to  be  wrong,  or 
when  an  engineer  with  a  strong  opinion  tos 
good  judgment  or  merely  good  nerves. 

Another  Ingredient  usually  present  in  en¬ 
gineering  judgment  is  that  it  considers  practi¬ 
cal  as  well  as  technical  factors.  This  aspect  Is 
more  like  business  judgment,  or  even  political 
judgment,  than  the  engineering  discussed  In 
technical  journals  and  schools;  but  such  things 
as  cost,  schedules,  and  available  facilities  as 
well  as  weight,  reliability,  design  complexity, 
and  so  on  are  all  affected  by  an  engineer's  deci¬ 
sion.  So  the  overall  value  of  a  design  Is  deter¬ 
mined  by  how  well  the  practical  factors  are  bal¬ 
anced  against  technical  knowledge. 

It  appears  that  In  using  engineering  judg¬ 
ment  a  person  adds  two  Ingredients  to  his  tech¬ 
nical  data  and  mathematical  analyses.  He  gives 
weight  to  the  predictions  of  experienced  experts, 
and  he  considers  the  practical  results  of  his 
decision  In  order  to  produce  the  best  effect  on 
the  overall  (^jectlves  of  a  project.  It  is  unlikely 
that  anyone  will  disagree  with  these  general 
statements  of  what  we’d  like  to  accomplish;  but 


the  process  of  doing  it  goes  back  to  the  same 
mysterious  intuitive  exercise  of  judgment.  It 
Is  all  too  easy  tor  different  people  to  arrive  at 
different  judgments  and  then  to  have  great  dif¬ 
ficulty  In  obtaining  a  meeting  of  the  minds  as  to 
which  is  the  better  solution. 

There  would  be  little  point  In  discussing 
the  unsatisfactory  features  of  engineering  judg¬ 
ment  If  there  were  no  way  to  Improve  the  proc¬ 
ess.  In  recent  years,  a  branch  of  Game  Theory 
called  Statistical  Decision  Theory  has  developed 
to  the  point  where  It  can  be  of  great  help.  It 
provides  an  orderly  method  for  combing  the 
numerical  data  from  experiments  and  the  advice 
of  experienced  technical  people  with  practical 
considerations  and  the  overall  goals  of  a  project 
In  order  to  arrive  at  a  rational  decision  which 
can  be  explained  and  defended.  The  decision  Is 
neither  Infallible  nor  even  the  best  that  might 
have  been  devised.  It  is  simply  one  of  the  pos¬ 
sible  decisions  suggested  for  consideration  and 
It  is  the  best  of  these  only  in  view  of  the  Infor¬ 
mation  provided.  Better  Information  or  more 
ingenious  solutions  could  still  make  the  decision 
better.  This  last  difficulty  Is  dealt  with  by  deci¬ 
sion  theory  in  a  characteristically  practical 
way  —  by  considering  whether  it  is  a  better  de¬ 
cision  to  seek  more  information  and  better  solu¬ 
tions  or  to  take  action  without  further  ado. 

Since  decision  theory  Is  relatively  new  and 
Is  the  basis  for  the  recommendations  of  this 
paper,  the  next  section  will  describe  the  prin¬ 
ciple  Ideas. 


STATISTICAL  DECISION  THEORY 

Decision  theory  provides  a  technique  and  a 
criterion  for  picking  the  best  course  of  action 
from  a  groiq>  of  possible  actions  on  the  basis  of 
the  Information  available.  It  does  not  contradict 
our  common- sense  Intuitive  metbod  of  making 
juc^ment,  but  seeks  to  strengthen  It  by  provid¬ 
ing  a  rational  model  and  methodical  steps  to  a 
solution.  It  deals  with  the  same  three  kinds  of 
information  which  have  always  been  considered 
In  making  decisions  under  uncertainty  by  busi¬ 
nessmen,  investors,  military  men,  oil  proqwc- 
tors,  or  the  man- in-the- street.  These  three 
ingredients  are: 

s  The  possibilities  —  the  possible  actions 
that  we  might  take  and  the  possible  results 
which  might  follow  our  actions. 

s  The  probabilities  —  thq  chances  or  odds 
of  each  possible  result  actually  occurring  If  we 
Initiate  the  actions. 
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•  The  pay>o((a  —  the  relative  value  to  ue 
of  the  different  poasible  reeults. 

In  making  decisions  by  judgnunt,  a  person 
has  to  absorb  and  consider  information  ot  all 
three  kinds  until  he  arrives  at  an  intuitive 
preference  for  a  particuiar  soiution.  Since  the 
information  is  initialiy  distributed  among  sev¬ 
eral  people,  the  essential  details  must  be  sum¬ 
marized  and  communicated  to  the  busy  decision¬ 
maker.  Decision  theory  allows  different  people 
to  work  on  the  parts  of  the  problem  separately 
and  to  express  their  information  in  a  concise 
and  meaningful  form.  We  will  consider  these 
three  parts  of  an  analysis,  in  turn.  This  will 
lead  naturally  to  a  criterion  for  the  best  de¬ 
cision. 


Possible  Actions  and  Results 

A  useful  way  to  indicate  the  various  possi¬ 
ble  actions  which  might  be  taken  and  the  results 
which  might  follow  is  a  tree  diagram  (Fig.  1). 


able  to  think.  This  possibility  can  always  be 
Included  in  the  analysis;  it  might  dominate  a 
decision  when  we  are  on  unfamiliar  ground,  or 
it  can  be  negligible  in  a  routine  case.  In  order 
to  keep  the  analysis  from  going  into  more  de¬ 
tail  than  is  worthwhile,  judgment  will  be  neces¬ 
sary  to  screen  out  negli^ble  possibilities. 


Probabilities 

After  the  possible  results  of  our  actions 
are  described,  it  is  necessary  to  express  how 
likely  it  is  that  an  event  will  actually  occur. 
When  a  result  is  determined  by  some  random¬ 
izing  device  such  as  a  q;>lnnlng  pointer  (Fig.  2), 
likelihood  that  the  pointer  will  stop  in  the  shaded 
segment  is  expressed  by  a  numerical  proba¬ 
bility.  Based  on  the  assumption  that  precautions 
are  taken  to  assure  a  "fair"  trial,  the  proba¬ 
bility  that  the  pointer  will  stop  over  tl»  shaded 
wedge  is  simply  the  ratio  of  the  wedge  angle  0 
to  a  full  circle. 


POSStSLC  PROBABILITIES  POSSIBLE 

ACTIONS  OF  RESULTS  RESULTS 
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Fig.  1  -  Tree  diagram  of  possible  actions 
and  possible  results 


If  one  starts  at  the  left  side  of  the  diagram,  he 
can  trace  through  a  succession  of  branch  points 
to  any  one  of  the  end  results.  Each  result  is 
reached  by  only  one  path.  Whether  or  not  future 
events  follow  one  branch  or  another  will  be  de¬ 
termined  at  some  of  the  Junctions  by  our  deci¬ 
sions.  These  alternatives  represent  our  possi¬ 
ble  actions.  At  other  junctions  the  course  of 
events  are  not  under  our  control.  Unlike  most 
ot  game  theory,  these  events  are  not  considered 
to  be  Inflimnced  by  a  hostile  antagonist.  They 
are  simply  the  result  of  the  operation  of  physi¬ 
cal  laws  or  acts  of  neutral  persons  not  con¬ 
cerned  with  helping  or  hindering  us. 

The  diagram  of  possibilities  is  the  product 
of  our  knowledge  of  the  situation  and  our  in¬ 
genuity  in  devising  strategies.  There  may  well 
be  actions  and  results  of  which  we  have  not  been 


Fig.  2  -  Spinner  type 
of  chance  mechaniim 


91 


There  are  many  possible  events  whose  like¬ 
lihood  of  occurrence  is  indicated  only  by  a  de¬ 
gree  of  conviction  in  the  mind  of  an  expert.  We 
wish  to  measure  the  degree  of  certainty  of  the 
evidence  which  has  caused  the  expert  to  expect 
a  possible  event.  So  we  ask  him  first  to  imagine 
the  wedge  angle  on  a  spinner  card  to  be  so  large 
that  he  considers  the  pointer  stopping  in  the 
shaded  zone  to  be  more  likely  to  occur  than  the 
event  in  question.  Then  if  he  imagines  the  wedge 
angle  to  decrease  gradually,  there  will  be  some 
angle  below  which  he  considers  the  event  to  be 
more  likely.  So  we  ask  the  expert  to  tell  us 
what  probability,  P,  of  the  pointer  ston)ing  in 
the  shaded  zone  would  seem  just  as  likely  to 
occur  as  the  event  being  considered.  This  is  a 
measure  of  his  certainty  and  is  called  a  subjec¬ 
tive  probability.  In  expressing  a  subjective 
probability  the  q>eclallst  is  simply  advising  us 
to  rely  on  the  occurrence  of  a  certain  possible 
event  no  more  nor  less  than  we  would  rely  on 
the  spinner.  In  fact,  if  the  decision  is  made  by 
assuming  that  the  occurrence  of  the  event  will 
be  determined  by  the  spinner  with  probability 
P ,  the  decision  should  not  be  changed  by  this 
substitution. 

In  practical  cases  the  evidence  relating  to 
the  likelihood  of  a  possible  event  may  consist 
of  clues  from  more  than  one  source.  Two  ex¬ 
perts  may  give  different  opinions;  some  test 
data  may  be  available;  an  iqpproximate  theory 
may  exist,  and  so  on.  All  of  these  must  be 
blended  into  one  probability;  the  means  for 
doing  this  is  Bayes'  Theorem.  This  theorem 
is  proven  in  texts  on  probability;  it  provides 
for  the  modification  of  an  "a  priori"  probability 
in  the  light  of  new  evidence  to  obtain  a  revised 
"a  posteriori"  probability.  (The  order  in  which 
the  evidence  accumulated  is  actually  of  no  great 
consequence;  the  Latin  names  are  from  an 
earlier  more  restricted  use  of  the  theorem.) 

Bayes'  Theorem  is  concerned  with  how 
much  one  learns  from  experience  since  it  de¬ 
fines  how  much  the  probability  of  a  hypothesis 
increases  on  the  basis  of  added  data.  Expressed 
mathematically,  it  is 

PfH)  -  P.(H)P(R/H) 

P,(H)  PCk/H)  +  P,(H)  P(E/H)  ’ 

where 

P,  (H)  is  the  probability  of  the  hypothesis 
H,  prior  to  occurrence  of  the  event 

P(&^)  is  the  probability  of  E  occurring  if 
H  is  correct. 


P  (E/ii)  is  the  probability  of  E  occurring  if 
H  is  not  correct, 

PalH)  is  the  probability  of  H  being  not 

correct,  so  it  is  equal  to  1-P,(H), 
and 

P  (H)  is  the  probability  of  the  hypothesis  H 
after  the  occurrence  of  E. 

Examination  of  the  equation  shows  that:  (1)  P  (H) 
will  be  greater  than  P,  (H)  only  if  P  (E/H)  is 
greater  than  P  (E/ii) ,  (2)  the  larger  P  (E/H)  is 
compared  to  P  (E/ii),  ^e  more  the  event  E  in¬ 
creases  P  (H),  and  (3)  repeated  occurrence  of 
events  favorable  to  a  hypothesis  make  the  prob¬ 
ability  approach  closer  and  closer  to  1.  Thus, 
evidence  never  makes  a  hypothesis  completely 
certain;  but  it  can  make  the  probability  so  close 
to  1  that  our  choice  of  action  is  no  different 
from  that  for  a  probability  of  1.  Further  dis¬ 
cussion  of  Bayes'  Theorem  may  be  found  in 
Refs.  1,  5,  and  6. 


Payoffs  and  Utilities 

The  goal  of  our  actions  is  to  bring  about 
results  for  which  we  have  a  preference  instead 
of  those  which  we  dislike.  In  practically  all 
engineering,  the  preferences  to  be  satisfied  are 
not  the  personal  preferences  of  the  engineer. 

He  is  hired  to  act  according  to  the  preferences 
of  someone  else  —  stockholders,  customers, 
government,  the  public,  and  so  on.  Thus  the 
value  placed  on  the  various  possible  results 
depends  on  the  goals  of  some  client. 

These  values  can  be  expressed  by  the 
client,  or  by  someone  acting  in  his  behalf,  in 
terms  of  their  utility  [7].  The  possible  results 
are  first  listed  in  order  of  decreasing  prefer¬ 
ence.  Then,  in  order  to  assign  numerical  value 
to  each  outcome,  they  are  compared  in  turn 
with  the  best  and  worst  of  the  results,  as  in 
Fig.  3.  Figure  3  shows  a  choice  between  ob¬ 
taining  result  R  by  Action  Aj  or  obtaining 


POSSIBLE 

ACTIONS  PROBABILITIES  RESULTS 

A,  P _ BEST 


l-P  WORST 


A,  I _ R 


Fig.  3  -  Decision  tree  for  mens 
uring  utility  of  result  R 
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either  the  beet  or  the  worst  result  by  Action  Aj . 
There  is  some  probability  P  of  obtaining  the 
best,  and  i  -  P  of  getting  the  worst  result,  if 
Action  Aj  is  taken.  It  is  apparent  that  if  P  is 
1,  Action  Ki  is  better;  and  if  P  is  zero.  Action 
A,  is  better.  There  should  then  be  some  value 
of  P  between  zero  and  1  at  which  one's  pref¬ 
erence  changes  from  Action  A,  to  Aj .  At  this 
value  of  P,  called  the  utility  u  of  the  result  r, 
there  is  no  preference  for  either  prospect.  The 
utility  of  the  best  result  is  always  1  and  that  of 
the  worst  result  is  always  zero. 

Note  that  the  expression  of  preferences  has 
been  obtained  by  asking  for  a  series  of  simple 
decisions.  It  is  evident  that  inability  to  arrive 
at  a  consistent  set  of  values  of  u,  or  a  sharp 
value  of  P  at  which  one's  preference  changes, 
will  handicap  the  final  decision.  But  in  cases 
where  one  action  is  much  superior  to  another, 
the  decision  will  not  change  for  wide  variations 
of  U. 

Although  the  concept  of  utility  is  the  best 
expression  of  values  for  use  in  decision  theory, 
it  is  not  the  most  natural  way  to  compare  dif¬ 
ferent  things.  Money  is  the  most  common 
means  for  discussing  relative  values  and  may 
serve  as  a  start  toward  expressing  utility.  The 
concept  of  trade-offs  or  exchange  rates  used  in 
Operations  Research  are  more  general  and  are 
also  very  useful. 


Criterion  for  the  Best  Decision 

We  have  obtained  statements  from  the  ex¬ 
perts  that  we  may  regard  various  results  as 
being  determined  by  random  mechanisms  with 
probabilities  that  were  given.  The  client  has 
stated  the  same  preference  for  result  K  as  he 
has  for  a  chance  u  of  the  best  result  and  l  -  u 
of  the  worst.  If  we  then  replace  each  of  the  re¬ 
sults  of  Fig.  1  by  its  equivalent  chance,  we  ob¬ 
tain  the  diagram  of  Fig.  4.  Each  path  of  the 
modified  diagram  leads  to  either  the  best  or 
the  worst  results.  The  probability  of  reaching 
the  best  result  through  an  action  can  be  com¬ 
puted  by  simple  probability  theorems.  Mathe¬ 
matically  the  pr^ability  that  action  Aj  will 
lead  to  the  best  result  is 

"I  ■  L  '■)  ■  (1) 


Since  the  only  alternative  to  the  best  result  is 
the  worst  one,  there  is  no  need  to  compute  its 
probability  nor  to  include  the  dotted  lines  on 
Fig.  4. 
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Now  it  is  evident  that  the  best  action  in  Fig. 
4  would  be  the  one  having  the  highest  probability 
of  leading  to  the  best  result.  Our  preference 
for  an  action  should  not  change  if  one  possible 
result  is  substituted  for  another  of  equal  value. 
Hence  the  best  choice  in  Fig.  1  is  the  same  as 
in  Fig.  4;  it  is  the  action  having  the  largest,  the 
maximum  "expected  utility"  defined  by  Eq.  (1). 
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Fig.  4  -  Tree  diagram  with  results  \ 

replaced  by  prospects  of  eq'ial  utility  j 


Summary  of  Decision  Theory 

Although  detailed  justifications  for  the  steps 
in  decision  theory  were  not  possible  in  the  brief 
review,  the  major  points  of  the  theory  were  de¬ 
scribed.  These  involved  description  of  possibil¬ 
ities,  expressing  likelihood  of  results  as  subjec¬ 
tive  or  objective  probabilities,  combining  evidence 
of  probability  by  Bayes'  Theorem,  expressing 
relative  value  of  results  as  utilities,  and  choos¬ 
ing  the  best  action  by  the  criterion  of  maximum 
expected  utility.  The  action  chosen  is  simply 
the  one  rationally  consistent  with  the  smaller 
decisions  made  in  expressing  utilities,  subjec¬ 
tive  probabilities,  and  possibilities. 


APPLICATION  TO  TESTING 
The  Decision  to  be  Made 

The  basic  question  to  be  answered  by  a  test 
is  whether  or  not  an  equipment  design  should 
be  changed.  This  seems  pretty  obvious,  but  it 
is  often  hidden  and  distorted  by  formal  require¬ 
ments  of  contracts  and  legally  acceptable  phras¬ 
ing.  But  if  there  were  no  question  of  whether 
or  not  a  design  were  good  enough,  testing  would 
not  be  done.  Since  redesigning  Involves  penal¬ 
ties  in  the  form  of  additional  costs,  weight,  de¬ 
velopment  problems,  schedule  slips,  and  so  on, 
as  compared  to  the  unchanged  design,  the  deci¬ 
sion  to  change  the  design  is  a  good  one  only  if 
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the  value  of  reducing  the  risk  of  service  failure 
outweighs  the  penalties. 

Now  those  of  you  who  have  had  some  ex¬ 
perience  with  present  practices  will  consider 
an  attempt  to  compare  the  value  of  a  reduced 
risk  with  the  penalties  of  a  design  change  to  be 
wildly  impractical  because  it  would  require  in¬ 
formation,  which  has  not  been  worked  out,  at 
nearly  every  step  of  the  way.  Information  such 
as  the  exchange  rate  between  weight  and  cost, 
the  penalty  for  a  service  failure,  the  importance 
of  schedule,  and  so  on,  is  implicit  in  the  judg¬ 
ments  made  by  project  managers,  but  it  is  sel¬ 
dom  discussed  with  Dynamics  engineers.  The 
Dynamics  engineers  are  best  qualified  to  esti¬ 
mate  the  probability  that  a  part  which  falls  a 
certain  test  will  fail  in  service,  but  they  do  not 
now  do  so  explicitly.  We  do  a  lot  more  mental 
reviewing  of  risks,  possibilities,  and  conse¬ 
quences  than  we  admit,  but  it  is  intuitive  and 
not  very  systematic. 

If  we  agree  that  the  best  design  decision 
would  depend  upon  knowledge  of  these  risks, 
penalties,  exchange  rates,  and  so  on,  it  follows 
that  the  probability  of  a  wrong  decision  in¬ 
creases  with  each  pertinent  piece  of  informa¬ 
tion  that  is  not  weighed  in  the  balance.  It 
seems  better  to  consider  these  factors,  even 
though  our  knowledge  of  them  is  hazy,  than  to 
pretend  that  they  do  not  matter.  An  immediate 
benefit  of  one's  first  attempt  to  work  out  a 
testing  decision  problem  is  a  new  perspective 
on  which  factors  are  most  important.  Some 
problems  which  have  received  a  lot  of  attention 
in  the  past  do  not  seem  worth  working  on  so 
long  as  our  major  uncertainties  remain  unre¬ 
solved.  Examples  which  come  to  mind  are 
optimizing  the  analyzer  parameters  for  power 
spectrum  analysis,  getting  high  accuracy  in 
motion  pickups,  and  making  different  test  ma¬ 
chines  duplicate  a  test  precisely. 


One-Level  Testing 

The  most  common  type  of  test  in  use  today 
consists  of  subjecting  the  specimen  to  one  level 
of  severity  and  observing  whether  the  specimen 
falls.  The  level  is  selected  before  the  test,  so 
the  potential  failure  points  and  the  cost  of  rede¬ 
signing  the  specimen  are  unknown.  The  decision 
must  be  based  on  an  estimated  average  cost.  If 
a  specimen  does  not  fail,  the  decision  to  accept 
the  design  is  automatic.  If  a  specimen  falls  and 
it  has  been  decided  in  advance  that  this  means  a 
redesign,  the  choice  of  a  test  level  is  illustrated 
in  Fig.  5.  As  the  test  level  is  Increased,  the 
penalty  for  redesigning  rises  while  the  penalty 
for  service  failure  decreases.  The  total  of 


OPTIMUM  TEST  LEVEL 


TEST  LEVEL 

Fig.  5  -  Choice  of  a  test  level 


these  costs  has  a  minimum  point,  which  is  the 
optimum  test  level. 

Note  that  the  cost-of-service-failure  curve 
would  be  steep  if  the  service  environment  had 
little  variation,  if  we  knew  this  environment 
accurately,  and  if  we  could  duplicate  it  accu¬ 
rately.  In  such  a  case,  the  optimum  test  level 
would  be  practically  Independent  of  the  cost  of 
design  changes.  Our  present  practice  seems  to 
be  based  on  the  assumption  that  we  are  dealing 
with  this  case.  Such  an  assumption  needs  to  be 
proved,  not  taken  for  granted. 

It  also  seems  likely  that  the  cost-of-design- 
changes  curve  would  rise  steeply  if  the  test 
level  reached  a  very  high  value.  There  probably 
exists  some  state-of-the-art  limit  of  designers' 
ability  to  pass  tests  without  major  design  con¬ 
cessions.  At  present  we  have  little  knowledge  of 
what  this  limit  is. 

Except  in  the  two  i^ecial  cases  mentioned 
above,  we  would  expect  the  optimum  test  level 
to  correspond  to  a  broad  valley  in  the  total- 
cost  curve.  This  means  that  moderate  errors 
in  the  selection  or  reproduction  of  a  test  level 
make  little  difference  in  total  cost.  The  re¬ 
quirement  for  precise  testing  stems  from  legal 
problems  of  contracts,  not  from  the  design 
problem. 


Testing  to  Failure 

The  decision  to  redesign  everything  which 
fails  to  pass  a  one- level  test  is  often  not  auto¬ 
matic.  A  failure  usually  starts  a  debate  over 
the  validity  of  the  test,  who  will  pay  for  the 
design  change,  and  so  on.  But  a  decision  to 
accept  a  design  because  of  high  redesign  pen¬ 
alties  cannot  be  made  without  further  testing  to 
find  just  what  test  level  the  design  can  pass. 
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If  the  equipment  is  tested  at  successively 
higher  levels  imtil  a  failure  occurs,  one  can 
then  make  a  better  decision.  The  costs  of  re¬ 
designing  can  be  more  accurately  appraised  if 
the  point  of  failure  is  known.  This  is  a  problem 
for  the  designer.  The  penalties  (utilities)  of 
such  a  failure  in  service  can  be  estimated  by 
management  or  the  customer.  The  shock  and 
vibration  engineer,  knowing  the  test  level  at 
failure,  is  confronted  with  the  problem  of  stat¬ 
ing  the  probability  of  the  failure  recurring  in 
service. 


Probability  and  Utility  of  Service  Failures 

If  the  equipment  will  be  manufactured  in 
quantity  and  a  number,  N ,  of  these  will  be  em¬ 
ployed  in  the  field,  then  the  possible  number  of 

failures  might  be  0,  1,  2,  3,  4 - N.  So  the 

problem  is  to  assign  a  probability  and  a  utility 
to  each  one  of  these  numbers.  (This  is  equiv¬ 
alent  to  stating  the  probability  density  of  reli¬ 
ability  and  the  utility  function,  but  it  seems  less 
abstract.)  The  redesigned  part  will  be  assumed 
here  to  have  a  probability  1  of  zero  failures,  so 
our  interest  is  in  the  design  that  failed  at  a  cer¬ 
tain  test  level.  We  would  like  to  predict  how 
many  of  the  N  equipments  will  experience  an 
environment  more  severe  than  the  test.  We 
may  need  to  predict  how  the  strengths  will  com¬ 
pare  with  the  test  article.  Both  of  these  judg¬ 
ments  will  depend  on  the  field  data  and  knowl¬ 
edge  of  the  design,  its  tolerances,  and  so  on, 
plus  a  great  deal  of  other  Information  peculiar 
to  the  particular  case.  Two  problems  which 
often  arise  in  analyzing  field  data  will  be  dis¬ 
cussed  as  examples  of  the  decision  theory 
approach. 

The  first  example  is  the  common  one  of 
dealing  with  data  which  might  be  invalid.  One 
can  examine  the  evidence  pro  and  con  as  to 
whether  the,  record  is  a  measurement  of  accel¬ 
eration  or  of  tha  tendency  for  people  and  their 
gadgets  to  make  errors.  Although  we  are  es¬ 
pecially  Interested  in  measurements  that  are 
high  relative  to  the  norm,  it  may  well  be  that  a 
reading  is  unusual  because  of  error.  Since  the 
data  point  is  either  good  or  bad,  there  are  only 
two  actions  which  could  possibly  be  right  —  to 
throw  out  the  data,  or  accept  it  as  completely 
valid.  In  our  desire  to  have  some  chance  of 
being  "right,"  we  are  prone  to  consider  these 
to  be  the  only  rational  courses  of  action,  but  in 
using  decision  theory,  one  would  examine  the 
evidence  and  express  a  subjective  probability 
that  the  data  is  valid.  He  would  probably  find 
that  some  course  of  action  between  the  two 
"right"  ones  had  a  higher  expected  utility. 
Sometimes  it  is  better  to  compromise  and  to 


accept  being  a  little  wrong  than  to  aim  at  being 
exactly  right  and  risk  being  very  wrong. 

The  second  problem  is  the  severe  one  of 
taking  10  or  20  measurements  of  field  data  and 
trying  to  state  a  shock  level  which  has,  say,  a 
1-in- 1000  probability  of  being  exceeded  in  an¬ 
other  measurement.  This  problem  is  usually 
eased  by  making  the  assumption  that  the  data 
is  a  sample  from  a  normal  statistical  distribu¬ 
tion.  The  justification  for  doing  this  is  seldom 
given  and  is  not  a  technical  one;  it  appears  that 
something  of  this  sort  seems  necessary  and  a 
normal  distribution  is  the  most  familiar.  I  can 
offer  no  better  motive,  and  I  agree  that  I  prefer 
this  to  sketching  an  envelope  across  the  tops  of 
the  data.  It  is  unfortunate  that  the  elegant  math¬ 
ematical  treatment  of  data  made  possible  by  as¬ 
suming  a  normal  distribution  tends  to  lend  a 
misleading  aura  of  certainty  to  an  educated 
guess. 

In  dealing  recently  with  a  set  of  12  meas¬ 
urements,  we  plotted  the  points  on  two  kinds  of 
probability  graph  paper.  One  had  a  nonlinear 
scale  such  that  a  normal  distribution  would  plot 
as  a  straight  line;  the  other  would  plot  a  log¬ 
normal  distribution  as  a  straight  line.  The  data 
were  extrapolated  by  using  a  french  curve  in¬ 
stead  of  a  straightedge  to  a  level  corresponding 
to  an  0.001  probability  of  being  exceeded.  The 
difference  between  the  answers  from  these 
equally  plausible  approaches  was  startling.  In 
order  to  get  a  test  that  was  not  completely  ar¬ 
bitrary,  we  used,  as  a  probability  of  being  cor¬ 
rect,  2/3  for  the  normal-distribution  method 
and  1/3  for  the  log-normal  method. 

It  has  been  implied  here  that  a  test  level 
should  have  a  very  low  probability  of  being  ex¬ 
ceeded  in  the  field.  We  shall  conclude  this  dis¬ 
cussion  with  an  example  of  an  exchange  rate 
between  cost  and  reliability  to  show  how  low 
this  probability  might  be  in  an  expensive  mis¬ 
sile.  Published  figures  give  $10,000,000  as  a 
cost-per-missile  for  Increasing  the  number  of 
one  type  of  missile  deployed.  If  a  change  in 
design  were  made  which  increased  the  prob¬ 
ability  that  each  missile  would  operate  success¬ 
fully,  this  would  be  just  as  desirable  as  increas¬ 
ing  the  total  number  of  missiles.  Also,  the 
total  number  could  be  reduced  at  a  saving  in 
cost  without  changing  the  effectiveness  of  the 
deployed  missiles.  The  increment  of  reliabil¬ 
ity  could  thus  be  exchanged  for  an  increment  of 
money.  A  rough  sq)proximation  of  this  exchange 
rate  is  obtained  by  considering  a  small  percent 
increment  of  reliability  to  be  of  equal  value  to 
the  same  percent  increase  in  number  of  mis¬ 
siles.  This  leads  to  a  0.001  increase  in  relia¬ 
bility  being  worth  $10,000  per  deployed  missile. 
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For  hundreds  of  deployed  missiles,  this  sug> 
gests  that  a  design  change  which  produces  an 
increment  of  reliability  too  small  to  be  meas¬ 
ured  with  accuracy,  is  worth  more  money  than 
most  of  us  will  earn  in  a  lifetime. 

This  answer  seems  to  place  a  much  higher 
value  on  reliability  than  do  the  reliablUly  peo¬ 
ple  themselves;  it  is  certainly  higher  thM  the 
value  implicit  in  many  decisions  by  project 
engineers.  It  would  be  most  inconsistent  it  we 
bought  reliability  under  shock  at  a  high  price 
while  other  engineers  were  selling  it  at  a  much 
lower  price.  One  possible  explanation  of  this 
apparent  inconsistency  is  that  time  also  has  a 
very  high  value  in  a  missile  project.  An  unre¬ 
liable  deployed  missile  is  more  valuable  than 
one  that  is  still  being  designed.  It  is  unfor¬ 
tunate  that  engineers  do  not  receive  a  better 
definition  of  the  exchange  rates  of  reliability, 
cost,  time,  weight,  and  so  on,  to  guide  their 
decisions.  Perhaps  the  cost  and  time  required 
are  too  great. 


CONCLUSIONS 

Because  of  the  many  uncertainties  involved, 
having  to  make  a  choice  of  shock  and  vibration 
test  levels  requires  that  we  take  a  calculated 
risk.  The  optimum  test  decision  compares  the 
risk  and  penalties  of  service  failures  if  a  design 
is  accepted,  against  the  monetary,  weight,  sched¬ 
ule  and  development  penalties  if  a  design  is 
changed.  A  good  decision  requires  statements 
of  the  probability  of  failure  of  equipment  in 
service  as  a  function  of  the  level  at  which  the 
equipment  failed  in  a  test,  statements  of  the 
penalties  for  redesigning  the  equipment,  and 
statements  of  the  penalties  for  failure  of  the 
equipment  in  service. 

These  statements  should  come  from  the 
environmental  engineer,  project  design  staff, 
and  the  customer,  respectively.  Statistical 
decision  theory  is  recommended  as  the  most 
rational  meth^  of  selecting  the  best  course 
of  action. 
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DISCUSSION 


Dr.  Curtis  (Hughes  AC):  Ra4>h,  during  your 
ptq>er  I  did  not  hear  any  mention  of  the  Monte 
Carlo  method  and  yet  what  you  are  saying  seems 
very  analogous  to  this  procedure.  Can  you  point 
out  the  similarities  and  differences  ? 

Mr.  Blake:  I  don't.think  I  can  because  I'm 
not  that  familiar  with  the  Monte  Carlo  method. 

1  suspect  it  is  not  too  closely  related  to  this  for 
that  reason. 

Dr.  Curtis:  I  think  I  can  describe  it  even 
though  I  don*t  understand  it.  I  guess  the  basic 


difference  is  that  you  do  not  assign  a  single 
probability  to  an  event,  but,  hopefully,  you  know 
the  probability  distribution  of  an  event  happen¬ 
ing.  You  then  assign  this  to  the  various  things 
which  may  go  on  during  the  process  and  you  go 
through  the  game  and  play  it  many  times.  In 
effect,  you  spin  your  roulette  wheel  as  many 
times  as  necessary  and,  in  that  way,  arrive  at 
the  most  probable  final  result,  based  solely  on 
playing  the  game  a  significant  number  of  times. 
This  then  leads  you  to  an  optimum  choice  of 
actions  to  get  the  most  probable  or  the  most 
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likely  result.  I  have  been  groping  to  find  the 
difference  between  this  and  what  you  have  been 
describing. 

Mr.  Blake:  Well,  I  had  thought  that  the 
Monte  Carlo  method  was  a  means  of  using  a 
computer  as  a  sort  of  a  random  model  to  run 
repeated  experiments  and  to  find  statistical 
distributions  of  results.  I  haven't  seen  the 
Monte  Carlo  method  suggested  as  a  reference 
in  any  of  the  piM)er8  or  books  that  I  have  read 
on  decision  theory,  so  I  suspect  that  they  are 
somewhat  far  apart. 

Dr.  Curtis:  I  think  they  have  been  used 
mostly  for  reliability  prediction  techniques; 
however,  I  see  no  reason  why,  instead  of  using, 
say,  a  plain  time-between-failure-criterion,  we 
couldn’t  use  an  environmental-test-level  or  an 


environmental-field-levei  for  this  same  var¬ 
iable,  if  we  had  the  distribution  of  field  en¬ 
vironment. 

Mr.  Blake:  The  probabilities  used  in  the 
Monte  Carlo  method,  I  suspect,  are  the  so- 
called  true  types  of  probability.  Many  statis¬ 
ticians  are  not  very  fond  of  the  notion  of  subjec¬ 
tive  probabilities  as  yet. 

Dr.  Curtis:  I  think,  if  I  recall  correctly, 
you  have  a  fair  amount  of  freedom  as  to  the 
kind  of  distributions  which  may  be  used.  They 
may  be  based  on  experimental  data  or,  if  you 
don't  know  this,  you  can  assume  a  distribution. 

I  guess  the  calculations  are  easier  if  they  are 
Gaussian  but  there  is  no  restriction,  since  one 
has  a  digital  computer,  to  any  particular  kind 
of  favorite  distribution. 


*  *  * 


THE  USE  OF  MEASURED  DATA  FOR  ESTABLISHING  HARDWARE  DESIGN 
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This  paper  points  out  how  measured  data  for  fuU  scale  structures  was 
applied  to  rewriting  existing  design  and  test  criteria,  and  also  how  the 
data  was  utilized  in  preparing  new  structural  design  criteria  for  possi¬ 
ble  follow-on  programs. 


INTRODUCTION 

The  primary  technical  requirements  for  es¬ 
tablishing  structural  design  criteria  through  the 
use  of  measured  data,  comprise  dynamic  effects, 
such  as  damping,  stiffness,  and  coupling  effects, 
rather  than  static  effects  which  are  usually  de¬ 
terminable  and  transferable  to  design  criteria. 
This  paper  points  out  how  measured  data  for 
full  scale  structures  was  applied  to  the  rewrit¬ 
ing  of  existing  design  and  test  criteria,  and  also 
how  the  data  was  used  in  preparing  new  struc¬ 
tural  design  criteria  for  possible  follow-on 
programs. 

Several  Interesting  topics  are  discussed 
under  launch  stand  criteria.  It  Is  shown  how 
the  total  spring  constants  at  the  TITAN  I  battle¬ 
ship  tank  attachment  points  were  measured,  and 
how  these  measured  values  were  used  with  the¬ 
oretical  studies  to  predict  missile- stand  re¬ 
sponse  to  gimballing  checkout  procedures.  The 
measured  spring  constants  were  used  to  rewrite 
the  stiffness  requirement  specification  for  later 
stands,  and  extrapolation  yielded  stiffness  re¬ 
quirements  for  the  TITAN  n  operational  launch 
stands.  It  is  shown  also  how  data  taken  during 
abortive  and  malfunction  captive  firings  were 
used  to  establish  maximum  loads  to  be  applied 
to  the  stand.  Simple  handshake  tests  revealed 
data  regarding  missile- stand  combination  damp¬ 
ing  and  coupling  with  the  erectors  and  umbilical 
towers,  and  these  data  helped  establish  safe 
stability  criteria  for  full  duration  run  captive 
firings.  Other  stand  data  used  for  establishing 
future  design  guides  involved  torsion  tests  for 
roll  instrumentation  calibration,  analysis  of 
data  which  showed  the  effective  flame  Impinge¬ 
ment  pressures  during  missile  lift  off,  and 


measurements  of  missile- stand  response  caused 
by  wind- Induced  oscillations. 

Tests  performed  on  the  missile  erector 
tower  produced  results  that  can  be  used  in  writ¬ 
ing  dynamic  loads  criteria  for  erector  modifi¬ 
cations  for  follow-on  programs.  It  is  shown 
how  vibration  was  induced  and  how  the  response 
compared  with  theoretical  calculations.  The 
loads  induced  as  a  result  of  sudden  stop  during 
erection  are  discussed  in  detail,  since  they  may 
govern  the  design  of  many  structural  members. 

Natural  frequency  measurements  for  the 
complete  umbilical  tower  were  made  in  order 
to  be  sure  all  attached  masses  were  properly 
considered.  The  results  of  these  measurements 
were  combined  with  theoretical  calculations  to 
establish  criteria  which  specified  upper  limits 
upon  the  permissible  boom  rotation  velocities 
that  could  occur  on  later  R&D  towers. 

Numerous  tests  were  made  on  the  missile 
transtainer  in  order  to  determine  maximum 
load  factors  that  would  be  applied  to  the  missile 
during  handling  and  road  transportation.  It  is 
shown  how  theoretical  and  experimental  results 
for  TITAN  I  are  combined  to  develop  design 
criteria  for  the  TITAN  n  transtainers.  It  is 
Interesting  to  note  that  the  missile  can  be 
mounted  close  to  the  node  points  of  the  free- 
free  fundamental  transtainer  frequency,  thereby 
eliminating  somewhat  the  transference  of  trans¬ 
tainer  vibrations  into  the  missile. 

In  order  to  establish  the  final  design  cri¬ 
teria  for  the  operational  TITAN  n  Shock  Isola¬ 
tion  System  (SIS),  numerous  tests  on  full  scale 
breadboard  components  were  made,  and  tests 
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on  a  full  scale  system  were  also  carried  out.  It 
was  necessary  to  establish  the  true  damping  of 
the  components  and  complete  SIS,  which  Incor¬ 
porated  Coulomb  damping.  The  operational 
equipment  must  have  accurate  damping  since 
the  damping  affects  the  residual  after-blast- 
deflection  of  the  IMU  prism  relative  to  the  auto¬ 
collimator  beam,  reaction  time  after  sustaining 
a  hit,  lock-up  strut  stick  out,  maximum  missile 
loads,  and  overturning  stability.  The  tests 
revealed  valuable  data  early  in  the  program 
and,  therefore,  allowed  changes  to  be  made  in 
the  operational  hardware  without  field  retrofit; 
consequently,  large  economic  savings  are 
resulting. 


LAUNCH  STAND 

During  captive  firings  of  missiles,  dynamic 
loads  are  imposed  on  the  missile  and  rtand  due 
to  engine  thrust  build-up,  malfunction  of  one  or 
more  thrust  chambers,  engine  gimballing,  and 
engine  shutdown.  To  prevent  structural  failure 
of  either  the  missile  or  stand,  it  is  necessary 
to  determine  the  dynamic  loading  which  might 


be  imposed  on  the  missile  and  stand.  The  test 
stands  for  the  TITAN  I  missile  were  designed 
to  accommodate  both  stages  in  a  side-by-side 
configuration.  The  idealized  dynamic  model  of 
the  stand  is  the  same  for  both  stages  and  is 
shown  in  Fig.  1.  The  stiffness  and  mass  pa¬ 
rameters  of  each  stand  are  different.  The 
spring  constants  for  the  model  were  determined 
experimentally  from  a  series  of  static  load 
tests.  Vertical  loads,  moments,  and  lateral 
loads  were  applied  at  the  missile  attachment 
points  (top  of  A-frames)  by  hydraulic  jacks. 

The  resulting  deflections  at  points  of  interest 
in  the  stand  were  measured  by  mechanical  dial 
gages  mounted  to  a  built-up  ground  structure. 
Figure  2  shows  a  photograph  of  the  test  setup 
to  take  these  measurements.  By  applying  the 
loads  and  moments  in  steps  or  increments,  load 
deflection  curves,  which  established  the  spring 
constants  for  the  model  of  Fig.  1,  could  be 
plotted.  Total  spring  constants  from  the  top  of 
the  A-frames  to  the  ground  (Table  1)  were  found 
by  summing  all  the  spring  constants  in  series. 
These  measured  spring  constants  were  used  in 
the  calculation  of  frequencies  and  mode  shapes 
of  the  missile- stand  combination. 


Fig.  i  -  Isometric  dynamic  model  of  Denver  stand 
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Fig.  2  -  Teit  atand  and  arrangementa  for  atatic  load  teata 


TABLE  1 

Total  Spring  Constants 


Total  Spring  Constants 

Stage 

Vertical 

(Ib/in.) 

Horizontal 

(Ib/ln.) 

Rotational 
(in.  Ib/rad.) 

1 

1.74  X  10* 

0.21  X  10* 

5.90  X  10* 

n 

0.64  X  10« 

0.34  X  10* 

2.70  X  10* 

The  test  articles  in  the  early  R&D  TITAN 
Program  were  Stage  I  and  Stage  n  battleship 
tanks.  This  name  evolved  from  the  fact  that  a 
thick  steel  plate  was  used  for  the  skin  as  com¬ 
pared  with  a  thin  iduminum  skin  for  the  missile. 
In  this  way,  repeated  tests  could  be  made  on  the 
same  test  articles.  Except  for  the  skin,  the  bat¬ 
tleship  tanks  were  identical  to  the  missile  itself. 


In  order  to  checkout  the  airborne  flight  con¬ 
trol  system  prior  to  a  static  test  firing,  it  was 
necessary  to  gimbal  the  engines  at  various  fre¬ 
quencies.  The  gimbal  mechanism  was  controlled 
by  a  hydraulic  actuator  which  in  turn  was  ac¬ 
tuated  by  an  autopilot.  For  a  given  frequency 
and  gimbal  angle,  the  engine  inertia  forces  caused 
a  shear  and  moment  which  excited  the  battleship 
tank- stand  system.  See  Fig.  3  for  the  mathe¬ 
matical  model  and  matric  formulation.  When 
the  engine  gimbal  frequency  was  near  or  at  a 
resonant  frequency  of  the  battleship  tank- stand, 
maximum  excitation  occurred.  The  reagmnse  of 
the  system  was  found  for  a  range  of  frequencies 
with  a  1 -degree  engine  gimbal  angle  input.  Lim¬ 
its  were  established  for  the  magnitude  of  dis¬ 
placements  and  moments  so  that  no  structural 
damage  would  occur  to  the  stand  or  battleship 
tank.  A  plot  of  frequency  versus  permissible 
engine  gimbal  angle  was  thus  esU^lished  to 
allow  complete  flight  controls  checkout.  These 


X  it  th«  column  motrit  of  ditploetfflonli  ot  toeli  tfotion. 
uJ  it  tht  circular  forcing  froqutncy,  o  tcolor. 

A  it  tht  onflutnco  coefficient  motrit. 

M  it  tht  matt  motrit. 

Rg  it  tht  moment  Out  to  engine  rototion,  o  tcolor. 

Og  It  tht  thtor  Out  to  gimbotled  mott  trontletion,  o  tcolor. 

T  it  the  engine  thruet,  o  tcolor. 

it  the  ongulor  dltpioctment  of  tht  thruit  chamber,  o  tcolor. 

a,  It  0  column  motrit  of  diepiocemenit  ot  the  i**  Motion  duo  to  e  unit  moment  el  the 

gimbel  point. 

0,  ,1  it  0  column  motrit  of  ditpiocementt  et  the  1"'  Motion  duo  to  o  unit  thtor  lead  ot 

the  gimbol  point. 

Fig.  3  -  Response  to  forced-engine  gimballing 


results  also  helped  establish  the  test  require¬ 
ments  for  later  firings  of  actual  missiles. 

Two  TITAN  I  c^tive  hot  firing  tests  re¬ 
sulted  in  serious*  malfunctions  which  made  it 
necessary  to  shut  down  the  engines  a  few  sec¬ 
onds  after  ignition.  Valuable  information  was 
obtained  from  these  malfunction  firings  re¬ 
garding  dynamic  loads  imposed  upon  the 
missile- stand  combination. 

The  first  malfunction  occurred  with  a  tan¬ 
dem  missile  which  had  the  second  stage  full  of 
water.  One  engine  fired  up  to  full  thrust  while 
the  other  engine  achieved  only  partial  thrust; 
then  one  engine  lagged  the  other  in  shut  down 
such  that  at  one  Instant  there  was  almost  75 
percent  difference  in  thrust  between  the  two 
engines.  This  thrust  difference,  of  course,  in¬ 
duced  severe  dynamic  loads  iqion  the  missile- 
stand  combination  to  the  extent  that  missile 


bending  moments  in  some  locations  were  equal 
to  around  70  percent  of  ultimate  loads.  The 
second  serious  malfunction  occurred  during  the 
captive  firing  of  Stage  I  alone.  In  this  firing, 
the  No.  1  engine  swung  to  the  inside  and  went 
hard  over,  while  the  No.  2  engine  stayed  aligned 
and  built  up  to  full  thrust  of  150,000  lb.  An 
automatic  kill  resulted.  Loads  and  moments 
from  the  load  cells,  shown  in  Fig.  4,  were  re¬ 
corded  during  the  alwrtlve  firing.  The  results 
are  shown  in  Fig.  5.  Note  that  engine  kill  oc¬ 
curred  approximately  4  seconds  after  ignition 
signal,  and  that  considerable  vibration  resulted. 
The  average  F,  reading  was  8500  Ib  during 
firing.  The  thrust  chamber  pressure  for  the 
No.  1  engine  indicated  a  thrust  of  i^roximately 
42,000  lb  and  the  thrust  chamber  pressure  for 
the  No.  2  engine  indicated  a  thrust  of  approxi¬ 
mately  150,000  lb.  Since  the  No.  1  engine 
swung  to  the  Inside,  it  had  a  net  offset  from  the 
pure  vertical  of  approximately  2.5  degrees. 
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(This  engine  was  originally  canted  out  from  the 
true  vertical  by  approximately  2.5  degrees;  thus, 
(150,000  +  42,000)  sin  2.5  deg  -  8400  lb).  This 
calculated  8400  lb  agreed  very  well  with  the 
measured  8500  lb  on  Fig.  5;  therefore,  there 
was  little  doubt  that  the  No.  1  engine  went  hard 
over  to  the  Inside  while  the  No.  2  engine  was 
approximately  at  full  thrust.  Missile  moments 
and  shears  Imposed  by  this  unusual  firing  con¬ 
dition  were  back- calculated  from  the  observed 
data  on  Fig.  5.  This  calculation  indicated  that 
the  maximum  moment  received  by  Stage  I  at  the 
missile  attachment  points  was  3,140,000  in. -lb. 


This  value  was  less  than  half  the  ultimate  ca¬ 
pacity  of  the  missile.  Maximum  shears  induced 
upon  the  missile  were  between  1/3  and  1/2  of 
the  ultimate  missile  capacity. 

After  comparing  theoretical  studies  with 
the  measured  ^ta  from  the  two  malfunction 
firings,  it  was  observed  that  for  a  tandem  full 
missile,  certain  combinations  of  one  engine 
firing  and  shutting  down,  and  then  the  other  en¬ 
gine  firli%  could  lead  to  destructive,  dynamically' 
induced,  missile  bending  moments.  Although 
such  malfunction  firings  were  not  very  probable. 
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Fig.  5  -  Missile  abortive  firing  data 


it  was  decided  to  Increase  the  stand  stiffnesses 
for  the  follow-on  operational  TITAN  II  stands. 
The  horizontal  stiffness  was  increased  by  a  fac¬ 
tor  of  3,  and  the  rotational  spring  constants 
were  increased  over  40  percent.  As  a  result, 
it  was  felt  that  TITAN  n  abortive  captive  firings 
could  never  Induce  moments  and  shears  which 
could  cause  the  missile  to  fall. 

The  vertical  and  horizontal  load  cell  (Fig. 

4)  kill  parameters  were  very  important  to  cap¬ 
tive  test  firings.  A  build-up  of  dynamic  loads 
which  could  cause  a  structural  failure  in  either 
the  stand  or  missile  could  be  prevented  by  not 
exceeding  these  parameters.  Therefore,  it  was 
very  Important  that  the  load  cells  functioned 
properly  for  all  c^tlve  test  firings. 

A  simple  test  was  devised  by  which  the 
calibration  and  functioning  of  the  load  cells 
could  be  checked.  When  the  missile  is  vlbratii^ 
in  its  fundamental  mode  on  the  test  stand,  the 
bending  moment  and  horizontal  shearing  force 
at  the  load  cells  can  be  very  accurately  calcu¬ 
lated  for  a  given  tip  deflection  of  the  missile. 

The  fundamental  frequency  was  low  enough  that 
the  missile  could  have  been  excited  easily  by 
pushing  on  it  by  hand.  The  amplitude  of  vibra¬ 
tion  was  determined  by  attaching  a  displacement 
indicator  to  the  tip  of  the  missile.  By  manually 
pushing  the  missile  at  varying  tip  amplitudes 
and  reading  the  corresponding  load  cell  readings, 
the  calibration  and  proper  functioning  of  the  load 
cells  could  be  checked  very  quickly  and  simply. 


This  simple  test  for  checking  the  load  cells 
led  to  several  other  tests  that  could  be  made 
easily  without  any  other  instrumentation  or 
special  test  equipment. 

The  response  of  the  rate  gyro  could  be 
checked  easily  since,  by  knowing  the  mode 
shape  and  frequency,  this  rate  of  change  of 
slope  at  the  rate  gyro  missile  station 
could  be  accurately  calculated  for  a  given  mis¬ 
sile  tip  amplitude. 

Damping  tests  for  the  missile- stand  com¬ 
bination  also  could  be  run  easily.  The  missile 
was  manually  excited  to  various  tip  amplitudes 
and  the  vibration  decay  curves  were  recorded 
by  the  load  cell  traces.  By  measuring  the  am¬ 
plitudes  of  the  decay  curve,  the  amount  of  damp¬ 
ing  present  in  the  missile  stand  combination 
was  determined.  The  results  of  one  of  these 
damping  tests  are  shown  in  Fig.  6. 

The  manual  vibration  tests  revealed  that 
the  fundamental  frequency  varied  slightly  with 
the  displacement  of  the  tip;  l.e.,  the  frequency 
was  a  function  of  tip  displacements.  For  the 
particular  TITAN  I  missile  on  the  stand,  an 
average  of  several  measurements  indicated  that 
this  effect  could  be  approximately  expressed  as; 

f  =  f,  -  0.08 

where 

f  E  frequency  when  tip  is  displaced  x^i^,  and 


Fig.  6  -  One-cycle  logarithmic  decrement;  Lot  B  missile  on  stand  P-19 
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-  frequency  for  very  small  tip  dis¬ 
placement. 

This  observation  permitted  hot  and  cold 
gimballing  to  be  planned  into  criteria  tor  later 
missiles  in  such  a  manner  that  sinusoidal  gim- 
balling,  fairly  close  to  a  natural  frequency, 
could  be  accomplished  since,  even  if  gimballlng 
at  the  natural  frequency  was  started,  the  natural 
frequency  would  change  with  displacements  and 
therefore  help  prevent  excessive  amplitudes 
from  developing. 

The  shake  tests  also  revealed  some  inter¬ 
esting  torsional  frequency  inforntation.  Cross 
coupling  caused  the  missile  to  vibrate  torsion- 
ally  and  it  was  observed  that  a  full  missile 
sometimes  had  somewhat  lower  torsional  nat¬ 
ural  frequencies  than  an  empty  missile.  Nor¬ 
mally,  one  does  not  assume  that  liquid  propel¬ 
lants  affect  these  frequencies,  however,  it 
appears  that  some  fluid,  by  getting  trapped  be¬ 
tween  stringers  and  possibly  through  skin 
friction,  is  having  an  effect. 

The  first  captive  firings  of  the  TITAN  I 
missile  Induced  high  roll  readings  on  the  load 
cells  shown  in  Fig.  4.  It  was  first  assumed  that 
the  engines  were  misaligned  in  roll;  this  could 
be  catastrophic  at  launch.  This  roll  moment 


persisted  even  after  the  engine  actuator  ad¬ 
justments  had  been  checked  many  times.  It 
was  difficult  to  determine  just  where  the  un¬ 
known  forces,  causing  roll  moment,  were  orig¬ 
inating.  The  torus  ring  just  below  the  engines 
and  above  the  load  cells  was  loaded  tangentially 
and  the  roll  moment  was  recalibrated.  The 
system  was  good.  It  was  finally  decided  that 
the  sudden  release  of  load  might  cause  the 
thrust- mount  torus  ring  to  rotate.  A  missile 
was  loaded  and  unloaded  and,  as  load  was 
changed,  a  slight  roll  occurred.  It  was  dis¬ 
covered  that  a  very  slight  misalignment  of  the 
vertical  load  cells  could  cause  this  roll  because 
of  the  long  lever  arms.  The  alignment  was  im¬ 
proved  and  the  specification  requirements  were 
changed  for  future  stands  so  that  the  load  cells 
could  measure  any  missile-induced  true  roll 
that  might  occur. 

During  the  first  flights  from  Cape  Canaveral 
the  flame  shield  on  the  torus  ring  (Fig.  7)  was 
blasted  loose;  this  required  an  improvement  in 
design.  It  was  difficult  to  predict  maximum 
loads,  so  measured  data  taken  by  the  vertical 
load  cells  (Fig.  4)  were  used.  The  load  cells 
recorded  the  total  integrated  flame  pressure  on 
the  torus  ring  as  vertical  load  versus  time  while 
the  missile  lifted  off  the  pad.  An  appropriate 
safety  factor  was  ^plied  and  the  design  of  the 
new  flame  shielding  was  rapidly  completed. 


Fig.  7  -  Hold-down  arm*  and  flame  shield  on  torus  ring 
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Before  the  first  launch  of  TITAN  I,  It  was 
necessary  to  predict  accurately  the  reqxinse  of 
the  missile  to  wind- Induced  oscillations.  Sev¬ 
eral  methods  of  analysis  were  available  for 
smoke  stacks,  but  the  only  treatment  of  the 
subject  for  missiles  that  was  available  was 
being  developed  specifically  for  TITAN.  This 
work  was  later  expanded  and  published.  ^  It  was 
desired  to  obtain  some  experimental  checks  on 
the  computations,  since  the  theory  was  relatively 
new  and  several  assumptions  had  to  be  made 
that  Involved  basic  judgment.  There  were  steady 
winds  of  20  and  38  mph  on  the  two  days  before 
the  first  planned  flight.  The  load  cells  shown  In 
Fig.  4  were  turned  on  and  the  maximum  moments 
measured.  The  missile  vibrated  randomly  as 
predicted  and  the  primary  motion  was  perpen¬ 
dicular  to  the  wind  direction.  The  resultant 
moments  at  the  missile  base  were  determined, 
plotted,  and  compared  with  the  theoretical  pre¬ 
dictions  as  shown  In  Fig.  8.  The  agreement  was 


Another  Interesting  observation  was  made 
during  the  first  captive  firings  regarding 
longltudlnally-lnduced  dynamic  loads  which  re¬ 
sulted  from  the  engine  start  transients  and 
shutdown.  With  the  missile  stand  structure 
idealized  as  a  long  string  of  masses  Intercon¬ 
nected  by  springs,  the  engine  thrust  build- up- 
versus-tlme  suddenly  applied,  and  the  re¬ 
sponses  calculated,  the  dynamic  loads  appeared 
considerably  higher  than  the  measured  values. 
It  was  observed  that  the  system  was  cross- 
coupled  and  that  during  start-up  of  the  engines 
the  structure  went  Into  lateral  and  torsional 
oscillations  as  well  as  longitudinal.  Therefore, 
some  of  the  initial  available  energy  was  dis¬ 
tributed  Into  the  lower  lateral  modes  of  the 
structure  and  resulted  in  more  lateral  vibra¬ 
tion.  Thus,  It  was  decided  to  construct  more 
realistic  dynamic  analytical  models  in  which 
cross  coupling  was  considered.  These  types  of 
models  were  used  to  predict,  more  accurately. 


Fig.  8  -  Wind-induced  oscillations 


very  good,  and  this  full  scale  measured  data 
enhanced  confidence  in  the  theory  so  that  future 
predictions  could  be  made  for  other  nose  cone 
shapes  and  for  TITAN  11. 


lEzra,  A.  A.,  and  Birnbaum,  S.,  "Design  Criteria 
for  Space  Vehicles  to  Resist  Wind  Induced  Os¬ 
cillations,"  American  Rocket  Society  Journal, 
1764-1766  (Dec.  1961). 


longitudinal  dynamic  loads  for  later  TITAN 
models. 

ERECTOR  TOWER 
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Vibrations  of  the  missile  erector  tower  in 
the  pitch  direction  presented  a  rather  unusual 
tower  problem.  A  cross  section  of  the  erector 


tower  will  reveal  it  to  be  "U"  shaped.  Therefore, 
when  the  erector  is  (teflected  in  the  pitch  direc¬ 
tion,  it  will  also  twist  about  the  shear  center. 

The  dynamic  model  for  the  coupled  erector 
tower- stand- missile  is  shown  in  Fig.  9.  The 
motion  of  the  erector  tower  is  coupled  to  the 
missile  through  the  "C"  frames  on  the  test 
stand.  Machine  solutions  were  run  for  the  cou¬ 
pled  vibrations  problem  of  the  missile  and 
erector  tower.  From  the  machine  solutions, 
the  bending  moment  and  shear  loads  at  the  base 
of  the  erector  tower  were  calculated  for  given 
tip  deflections.  Strain  gages  (from  which  bend¬ 
ing  moment  and  shear  loads  could  be  deter¬ 
mined),  were  then  Installed  at  the  base  of  the 
erector.  A  simple  test  was  then  run  in  the  fol¬ 
lowing  manner.  A  scale  was  attached  to  the 
top  of  the  erector  and  a  surveying  transit  was 
set  up  on  the  ground  to  sight  on  the  scale.  Sev¬ 
eral  men  then  went  to  the  top  of  the  erector 
and,  by  shifting  their  weight  back  and  forth, 
caused  the  erector  to  vibrate  in  the  fundamental 
mode.  The  transit  man  then  called  out  the  tip 
amplitudes  of  the  erector  (over  the  intercom 
syrtem)  to  the  personnel  running  the  recorders, 
who  then  mark^  the  corresponding  tip  ampli¬ 
tude  on  the  strain  gage  recordings.  These  data, 
when  compared  with  the  theoretical  machine 
solutions,  reflected  very  good  agreement.  The 
measured  fundamental  erector  frequency  in  the 
pitch  plane  was  1.40  cps  as  compared  with  a 
calculated  value  of  1.378  cps;  the  measured 
fundamental  frequency  in  the  yaw  plane  was  1.87 
cps  as  compared  with  a  calculated  value  of 
1.940  cps. 

It  was  desired  to  obtain  accurate,  meas¬ 
ured,  frequency  data  in  order  to  be  sure  that 
engine  gimballlng  would  not  be  programmed  at 
the  erector- stand-missile  fundamental  fre¬ 
quency.  Also,  accurate  erector  mass  and  stiff¬ 
ness  data  were  needed  in  order  to  compute  max¬ 
imum  dynamic  loads  on  the  erector  while  it  was 
being  lowered  or  raised.  The  good  agreement 
of  measured  frequencies  with  calculated  values 
increased  confidende  in  the  analytical  dynamic 
model.  Figure  10  shows  the  analytical  model 
that  was  used  to  compute  maximum  erector 
loads  when  %  sudden  stop  occurred  while  lower¬ 
ing.  The  mc.’thod  of  ana  lysis  is  outlined  in  Ref. 

2,  and  Fig.  10  gives  the  formulas  for  computing 
the  maximum  deflections  that  occur  at  the  top 
of  the  erector  as  a  result  of  a  sudden  stop.  The 
deflections  and  loads  at  all  mass  stations  may 
be  computed  as  shown  in  Ref.  2.  Both  stage 
erectors  took  a  minimum  of  3  minutes  to  raise 
or  lower.  When  stopping  just  before  reaching 
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the  horizontal,  for  the  first  stage  erector,  anal¬ 
ysis  showed  that  the  dynamic  deflections  were 
about  15  percent  of  the  static  deflections,  while 
for  the  second  stage  erector,  they  were  about 
38  percent  of  the  static  deflections.  Total  de¬ 
flections  at  the  top  were  8.2  inches  for  the  first 
stage  and  0.7  inch  for  the  second  stage.  Total 
member  loads  were  computed  and  found  to  be 
safe;  however,  studies  for  TITAN  II  and  DYNA- 
SOAR  indicated  that  some  erector  members 
would  have  to  be  strengthened.  These  require¬ 
ments  were  included  in  early  specifications  for 
the  DYNASOA  C  vehicle. 


UMBILICAL  TOWER 

Full  scale  measured  data  were  obtained 
just  after  the  umbilical  tower  was  completed  in 
order  to  verify  Initial  design  criteria  regarding 
dynamic  loads,  which  were  applied  to  the  tower 
by  boom  rotations  and  wind.  The  fundamental 
flexural  and  torsional  frequencies  were  meas¬ 
ured  by  shaking  the  completed  tower,  and  the 
measured  results  agreed  well  with  calculated 
values;  consequently,  it  was  felt  that  the  mass 
and  stiffness  data  that  were  used  in  the  analyt¬ 
ical  dynamic  model  were  reasonably  accurate. 
In  general,  the  impulse  from  the  boom  rotation 
was  assumed  to  excite  the  first  three  torsional 
modes  concurrently  with  wind  gusts,  which  ex¬ 
cited  basically  the  lower  bending  modes.  The 
analysis  indicated  that  the  tower  members  had 
sufficient  cross-sectional  area,  provided  the 
cable  ducts  were  attached  to  the  main  chord 
members  instead  of  being  attached  to  the  diag¬ 
onal  members,  in  such  a  way  as  to  cause  com¬ 
bined  lateral  and  axial  loads  on  these  members. 

The  method  of  computing  flexural  frequen¬ 
cies  was  changed  slightly;  In  the  usual  tech¬ 
nique,  Influence  coefficients  would  be  computed 
for  the  indeterminate  structure  with  a  load  at 
each  panel  point.  In  order  to  save  time,  the 
tower  was  assumed  to  act  as  a  long  beam-like 
structure  of  variable  El .  and  shear  area.  The 
chords  were  assumed  to  carry  the  bending  and 
the  diagonals  the  shear.  By  studying  exact 
solutions  for  bay  truss  deflections,  it  was  dis¬ 
covered  that  the  shear  deflections  between  bays 
could  be  approximated  as 


where 

P  >  average  shear  across  section, 

■  vertical  distance  between  panel  points, 
Aj  >  effective  shear  area,  a  single  diag¬ 
onal  for  X  and  l  trusses,  and 
E  *  modulus  of  elasticity. 
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Fig.  10  -  Analytical  model  of  missile-tower  system 


Restrictions  of  the  above  formula  were  that  the 
chord  area  per  truss  should  be  greater  than  4 
times  the  diagonal  area  and  that  the  width-to- 
helght  ratio  of  the  panel  should  be  between  1/2 
and  2.  The  flexural  tower  frequencies  were 
computed  from  the  following  matric  formula¬ 
tion  which  is  derived  in  Ref.  3: 

[AB  -  \  (HM  -  OC)]  Y  =  0  . 

where 

m  ,  o)^  f  ^ 

\  =  — == =  eigenvalue, 

Elj 


spring  constant  between  panels  or  between 
mass  stations  may  be  approximated  as 


where 

Kj  =  rotational  spring  constant  inin.  Ib/rad. 

a  =  altitude  of  triangular  tower  cross  sec¬ 
tion  divided  by  3, 

and  where  the  other  symbols  and  restrictions 
are  given  under  Eq.  (1).  For  a  square  tower, 


kl.G  f*  ^ 

and  where  the  subscripts  refer  to  the  tower 
station  numbers.  The  matrices  and  symbols 
are  defined  in  Ref.  3.  The  natural  frequencies 
and  mode  shapes  are  shown  in  Fig.  11.  The 
measured  fundamental  frequency  of  the  actual 
structure  was  1.61  cps. 

A  simple  method  was  used  for  determining 
the  torsional  natural  frequencies.  Through  the 
use  of  Eq.  (1),  it  can  be  shown  that  the  torsional 


1.33  a*A.E 

where  a  =  1/2  side  length.  Exact  solutions 
were  compared  with  Eq.  (2)  for  several  panels, 
and  Eq.  (2)  was  found  to  be  a  reasonable  ap¬ 
proximation  for  design  analysis  purposes.  The 
natural  frequencies  and  mode  shapes  were  com¬ 
puted  from 

(J  -  cu*S)*  =  0, 

where  the  matrices  J,  s,  and  *  are  defined 
under  Eq.  13  of  Ref.  4.  The  idealized  model 
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Fig.  11  -  First  stage  umbilical  tower  flexural  frequencies  and  mode  shapes 


and  first  three  torsional  mode  shapes  are  shown 
In  Fig.  12.  The  fundamental  torsional  frequency 
of  the  actual  structure  was  measured  to  be  2.70 
cps.  Once  confidence  was  established  In  the 
basic  dynamic  models,  It  was  straightforward 
to  compute  the  maximum  loads  Induced  by  boom 
rotations  and  wind  gusts.  A  modal  energy  dis¬ 
tribution  method,  similar  to  the  one  discussed 
In  Ref.  2,  was  employed. 


TRANSTAINER*  TESTS 

In  order  to  establish  hardware  design  cri¬ 
teria  for  the  TITAN  I  transtalner,  botu  analyti¬ 
cal  analyses  and  experimental  field  tests  were 
conducted.  Analytical  analyses  Included  studies 
using  analog  and  digital  computers.  Field  tests 
Included  a  shock  strut  orifice  development  test 
and  three  local  road  tests. 

Early  In  the  TITAN  R&D  program  a  series 
of  shock  strut  orifice  development  tests  were 


^Transtalner  —  a  combination  transport  vehicle 
and  environmental  protective  container  for  the 
missile. 


made  to  insure  that  the  struts  would  provide 
adequate  shock  isolation  to  the  missile  from 
the  expected  transportation  environment.  The 
shock  strut  was  designed  to  use  both  oil  and 
air  pressure  on  either  side  of  a  floating  piston. 
Figure  13  shows  cross-sectional  views  of  the 
strut  In  the  static,  retracted,  and  extended 
positions.  The  orifice  controlled  the  flow  of 
oil  during  strut  retraction  and  extension,  which 
in  turn  determined  the  load  factor  In  the  trans- 
tainer  and  missile.  Military  Specification 
MIL-M-8090  (Mobility  Requirements,  Ground 
Support  Equipment,  General  Specification  for) 
was  used  as  a  design  guide.  According  to  this 
specification,  the  transtalner  should  comply 
with  the  requirements  of  Type  ni  mobility.  For 
example,  on  level  paved  highway,  the  average 
vehicle  speed  should  be  50  mph.  With  this  In 
mind,  it  was  felt  that  the  wheels  should  be  able 
to  pass  over  a  series  of  3-inch  obstacles  at  50 
mph  without  exceeding  a  3-g  vertical  load  fac¬ 
tor  on  the  sprung  mass.  This  load  factor  was 
the  design  load  limit  of  the  missile  in  a  lateral 
direction.  Figure  14  shows  the  test  setup  of 
the  suspension  system  truck  assembly.  The 
weight  on  the  wheels  and  strut  assembly  could 
be  varied  to  simulate  an  empty  or  fully- loaded 
transtalner.  Instrumentation  was  set  up  so  that 
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Fig.  14  -  Transtainer 
shock  strut  test  setup 


the  load  factors  on  the  sprung  mass  and  also  on 
the  unsprung  mass  could  be  measured.  Figure 
15  shows  the  results  of  a  typical  obstacle  run. 
The  results  from  each  set  of  runs  determined 
the  design  changes  required  for  each  succeed¬ 
ing  set  of  runs.  Thus,  the  final  orifice  config¬ 
uration,  which  gave  optimum  shock  isolation  pro 
tectlon  to  the  missile,  was  established. 


In  establishing  design  criteria  for  the 
transtainer,  another  important  consideration 
was  location  of  the  wheel  assemblies.  Ideally, 
the  wheels  should  be  located  at  the  node  points 
of  the  transtainer  free-free  fundamental  mode 
shape.  Such  locations  would  minimize  excita¬ 
tion  of  the  transtainer  fundamental  bending 
mode  from  any  road  inputs  at  the  wheels.  With 


Fig.  15 


Transtainer  shock  strut 
test  data 


Lood;  SOOO  lb  Spssdi  SO  mph  Obstoels  Ht.i  3  inehm 
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the  aid  of  a  digital  computer,  an  eigenvalue  and 
mode  shape  analysis  was  made  on  each  trans- 
tainer  stage  In  the  free-free  condition.  Results 
showed  that  the  fundamental  frequency  was  6.5 
cps  for  Stage  I  and  24  cps  for  Stage  n.  These 
values  were  well  below  calculated  fundamental 
frequencies  of  the  empty  missile  stages  in  a 
free-free  condition.  For  Stage  I  transtainer  the 
node  points  were  found  to  be  about  5  feet  from 
the  forward  end,  and  4  feet  from  the  aft  end. 

For  Stage  n,  the  node  points  were  about  5  feet 
from  each  end.  Thus,  the  locations  for  the  wheel 
assemblies  were  established;  however,  since 
the  wheel  wells  had  to  be  located  between  frame 
bulkheads,  it  was  impossible  to  meet  this  design 
aim  exactly.  In  the  final  design  the  wheel  as¬ 
semblies  were  located  within  2  feet  of  the  node 
points. 

An  analog  study  of  the  dynamic  character¬ 
istics  of  the  missile-transtalner  system  was 
made  to  help  establish  design  criteria  by  pre¬ 
dicting  the  response  of  the  missile  to  various 
vibratory  and  step  inputs  at  the  transtainer 


wheels.  The  idealized  spring-mass-damper 
system  was  the  same  for  both  stages  (Fig.  16). 
Parameter  values  differed  for  each  stage,  how¬ 
ever.  The  system  is  seen  to  have  6  degrees  of 
freedom.  Both  the  missile  and  transtainer  were 
treated  as  rigid  bodies  and  were  allowed  to 
deflect  vertically  and  rotate  (pitch).  The  un¬ 
sprung  mass  could  deflect  vertically  only. 
Masses  and  mass  moments  of  inertia  were 
readily  available  from  a  weights  analysis. 

Spring  rates,  k,  and  damping  coefficients,  c, 
were  as  follows;  1  and  2  represented  the  rub¬ 
ber  isolators  between  the  missile  support  rings 
and  the  transtainer;  3  and  4  represented  the 
air-oil  shock  struts;  and  5  and  6  represented 
the  tires.  The  shock  strut  spring  rate  was  non¬ 
linear  because  of  the  air  spring  characteristics. 
It  can  be  shown  that  kj  and  k^  are  functions 
of  the  stroke,  i,  from  a  static  position.  The 
orifice  plate  in  the  shock  strut  caused  higher 
damping,  during  strut  extension,  than  compres¬ 
sion.  On  the  analog  computer,  variable  damp¬ 
ing  was  accomplished  by  switching  in  different 
damping  coefficients  depending  on  the  sign  of 
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the  strut- stroke  velocity.  Assuming  the  system 
to  deflect  and  rotate  in  the  positive  directions  as 
shown  in  Fig.  16,  the  six  equations  of  motion  are: 

1.  iii,X,  =  -  K,(X,  -  L^e  -  Xj  +  Lj<#i) 

-  Ci(X,  -  L,0  -  Xj  +  Lji) 

-  Kj(Xi  +  Lj0  -  Xj  -  Lj.^) 

-  Cj(Xi  +  Ljfl  -  Xj  -  Lg<i.)  . 

2.  I.iS  =  K^L,(Xi  -  L^e  -  Xj  +  Lj*) 

+  C,Li(Xi  -  hid  -  Xj  +  Lji.) 

-  KjLj(X|  +  Lj0  -  Xj  -  hf^) 

-  CjLj(Xi  +  hjd  -  Xj  -  . 

3.  mjXj  =  KjfXj  -  Ljfl  -  Xj  +  h^) 

+  Ci(Xi  -  hyb  -  Xj  +  Lji) 

+  Kj(Xi  +  LjS  -  Xj  -  Lj0) 

+  Cj(Xi  +  h^e  -  Xj  -  Lgi) 

-  K3(Xj  -  I-.,':'  Xj) 

-  CjCXj  -  Lji  -  Xj) 

-  K4(Xj  r  h^4:  -  X4) 

-  C4(Xj  +  L4i  -  i,) 


4. 

-  KjLjfXj  -  hyS 

-  Xj  +  Lj0) 

-  Xa  +  L50) 

+  KjLgfXj  +  Lj0 

-  Xj  -  L,0) 

+  CjLjfXj  +  Lj0 

-  Xj  -  Lji) 

+  X3i'3(X2  ■  Lj0 

-  X3) 

+  CjLjfXj  -  Lj0 

-  X3) 

-  K4L4(Xj  +  h^<t> 

-  X4> 

-  C4L4(Xj  +  L40 

-  X4). 

5. 

"3X3  = 

=  KjfXj  -  Lj^  -  X, 

j)  *  ^3(^2  ~ 

Lj0- 

X3) 

-  KjfXj  -  D,)  - 

CjfXj  -  D,). 

,  and 

6. 

1*4X4  = 

=  K4(Xj  +  L4^  -  X, 

,)  +  C4(Xj  + 

h^i- 

X4) 

-  X,(X4  -  Dj)  - 

C,(X4  -  Dj) 

The  symbols  used  in  these  equations  are  defined 
in  Fig.  16.  When  the  applicable  masses,  spring 
rates,  damping  coefficients,  and  geometry  were 
substituted  into  these  equations,  the  problem 
was  sent  to  the  analog  computer  for  analysis. 

In  determining  the  dynamic  response  of  the 
missile,  three  types  of  inputs  at  the  wheels 
were  considered  —  sinusoidal,  obstacle,  and 
ramp.  These  iiq;>uts  were  either  in-phase  or 
out-of-phase  at  the  front  and  rear  wheels.  The 
response  of  the  Stage  II  missile-transtainer 
system  was  found  to  be  quite  similar  to  that  of 
the  Stage  I  system,  with  the  exception  that  the 
former  was  characterized  by  pitching  ampli¬ 
tudes  which  were  large  in  relation  to  the  latter. 
This  condition  was  to  be  expected  since  the 
^pacing  of  the  Stage  II  support  rings  was  closer 
than  that  of  the  Stage  I.  When  the  wheels  rolled 
over  a  3-inch  high  obstacle,  in  the  analog  study 
of  both  systems,  load  factors  of  up  to  3.5  g  were 
recorded  on  the  missile  at  speeds  of  35-50  mph. 

It  was  felt  that  accelerations  found  from  this 
study  would  be  somewhat  higher  than  those  from 
actual  experiments.  This  fact  was  borne  out  in 
later  road  testing.  It  was  concluded  that  strut 
damping  factors  of  5  percent  of  critical  for  re¬ 
traction  and  15  percent  of  critical  for  extension 
should  give  adequate  damping  to  prevent  exces¬ 
sive  amplitudes  of  the  missile  and  to  keep  mis¬ 
sile  accelerations  below  the  maximum  allow¬ 
able  limits. 

The  objectives  of  road  testing  the  missile- 
transtainer  systems  were  first,  to  demonstrate 
type-in  mobility  (Military  Specification  MIL- 
M-8090)  over  paved  highways  at  speeds  up  to 
60  mph  and  over  gravel  roads  at  speeds  iq>  to 
25  mph;  and  second,  to  determine  Isolation 
characteristics  of  the  transtainer  suspension 
system.  The  prime  mover  for  towing  the  trans¬ 
tainer  was  an  Army  6x6  truck.  Tri- axial  ac¬ 
celerometers  and  impact  meters  were  mounted 
at  critical  points  on  the  system.  The  acceler¬ 
ometers,  wired  to  an  oscillograph,  recorded 
the  time  history  of  any  road  input  desired  while 
the  impact  meters  provided  a  continuous  record 
of  shock  levels  in  0.5-g  increments.  Each  trans¬ 
tainer  was  road  tested  over  approximately  500 
miles  of  paved  highway  and  gravel  road.  Results 
showed  that  the  missile  acceleration  limits  were 
not  exceeded  at  any  time.  However,  accelera¬ 
tions  of  4  g  were  common  on  the  Stage  I  engine 
bell.  It  was  found  that  the  engine  bell  lateral 
frequency  was  higher  than  anticipated.  Both 
the  missile  rigid  body  and  the  engine  lateral 
frequencies  seemed  to  lie  in  the  same  range  of 
12  to  15  cps.  Exact  frequencies  could  not  be 
isolated  because  of  the  continuous  random  input 
at  the  wheels.  As  a  result  of  this  test,  the  cri¬ 
teria  were  changed  to  include  more  ri^d  lock¬ 
ing  links  between  the  engine  bells  and  the  missUe. 
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The  size  7.50  x  10  tires  on  the  Stage  I  transtainer 
tended  to  overheat  during  most  of  the  road  test, 
because  of  loading  beyond  their  rated  capacity. 

As  a  result,  the  Stage  I  transtainer  criteria  were 
changed  to  include  a  larger  tire,  size  9.00  *  10. 
The  small  10-inch  diameter  of  the  tires  was 
necessary  in  order  to  clear  some  highway  under¬ 
passes.  In  general  the  dynamic  load  levels 
recorded  during  the  road  tests  were  lower  than 
the  levels  predicted  from  analytical  calculations 
partly  because  actual  weights  were  from  7-  to 
25-percent  higher  than  the  weights  used  in  the 
analytical  analyses.  Theoretical  and  experi¬ 
mental  results  from  the  TITAN  I  R&D  program 
were  used  to  help  establish  the  design  criteria 
for  the  TITAN  n  transtainers.  Compared  to 
TITAN  I,  Stage  I  of  the  TITAN  II  missile  was 
slightly  longer  and  heavier;  the  diameter  of 
Stage  n  was  changed  from  8  to  10  feet,  or  the 
same  as  Stage  I.  This  growth  capability  was 
originally  built  into  the  Stage  n  transtainer  so 
that  the  only  major  modification  was  a  reposi¬ 
tioning  of  the  four  missile  ring  support  points. 

As  a  result  of  extensive  theoretical  calculations 
and  road  testing  of  the  TITAN  I  transtainers,  a 


substantial  reduction  in  time  and  expense  was 
realized  on  the  TITANII  transtainer  development. 


MISSILE  SUSPENSION  SYSTEM 

The  missile  suspension  system  for  TITAN 
n  was  designed  to  shock-isolate  the  missile  in 
the  silo  from  nuclear  blast  effects.  Figure  17 
shows  the  missile  mounted  on  the  suspension 
system  in  the  silo.  The  basic  criteria  for  the 
TITAN  n  missile  suspension  system  resulted 
from  experience  gained  on  the  TITAN  I  program. 
Some  of  the  more  Important  criteria  items  are 
as  follows: 


"Missile  Alignment  Requirements 

"After  sustaining  simulated  or  actual  nu¬ 
clear  blast  effects,  capability  must  exist  for 
locking  the  missile  thrust  mount  into  the  posi¬ 
tion  for  firing,  and  after  the  missile  is  locked 
into  the  firing  position  the  support  plane  en¬ 
compassing  the  missile  attachment  points  shall 


Fig.  17  -  TITAN  II  operational  complex 
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not  deviate  from  the  true  horizontal  by  more 
than  0.1  degrees.  Prior  to  receiving  nuclear 
blast  effects  or  In  the  normal  hard  readiness 
condition,  the  support  plane  encompassing  the 
missile  attachment  points  shall  not  deviate  from 
the  true  horizontal  by  more  than  0.05  degrees. 

"Azimuth  -  The  missile  supporting  system 
shall  position  the  missile  along  a  given  azimuth 
line  to  within  a  tolerance  of  ±  0.25  degrees,  prior 
to  and  after  nuclear  blast. 

"Vertical  -  The  missile  supporting  system 
shall  maintain  the  plane  of  the  missile  supports 
to  within  a  tolerance  of  1 0.25  degrees  from  the 
horizontal  under  the  most  severe  conditions  of 
loading  resulting  from  both  static  and  dynamic 
loads. 

"Adjustment  -  No  support  points  shall  de¬ 
viate  from  a  true  horizontal  plane  by  more  than 
±0.1  Inch  when  the  adjustable  support  mounts 
are  In  the  neutral  positions.  The  missile  sup¬ 
port  system  shall  provide  adjustment  means  to 
place  each  of  the  four  support  points  within  the 
support  plane  to  a  tolerance  not  to  exceed  ±  0.01 
inch.  The  suiq;x>rt  arm  attachments  shall  be 
capable  of  t  1/2  inch  adjustment  In  the  vertical 
direction,  ±  l/2  inch  tangentially,  and  ±  1/2  inch 
radially. 


"Structural  Stiffness  Requirements 

"Hard  Position  -  The  thrust  mount  support 
structure  and  shock  Isolation  system  shall  be 
designed  to  develop  the  following  total  Influence 
coefficients  at  the  attachment  points: 


a,,  -  32  X  10-*  ^ 


»ii-3.67xl0-» 


a„  -  1.04  X  10-3  ^ 


»11-57x10-S_ 


(vertical) 

(pitch  and  yaw 
rotational) 

(horizontal) 

(torsional) 


"The  maximum  spring  constant  difference 
that  ehall  exist  between  any  two  vertical  spring 
asseihblages  shall  be  two  percent. 

"Firing  Or  Launch  Position  - 
a|j  ■  1.3  X  10-*  ^  (horizontal) 

a|j  •  0.86  *  10-3  ^  (vertical) 


“li 


0.161  X  10-* 


rad. 
In.  lb. 


(pitch  and  yaw 
rotational) 


a,,  ■  20  X  10'*  (torsional) 

' '  ln.u>. 


"Locking  and  Unlocking  Mechanism 
Requirements 

"When  nuclear  blast  Induced  motion  has 
been  attenuated  to  ±  0.1  inches  in  the  horizontal 
and  vertical  directions,  locking  up  of  the  thrust 
mount  structure  to  the  silo  walls  may  begin. 

The  total  lock  up  time  shall  be  less  than  one 
tenth  of  a  second.  After  a  missile  has  been 
launched  and  it  is  necessary  to  unlock  the 
thrust  mount,  during  the  unlocking,  the  missile 
support  plane  at  the  missile  attachment  points 
shall  not  deviate  from  a  true  horizontal  plane 
by  more  than  ±  one-quarter  degree.  The  one- 
quarter  degree  deviation  applies  to  a  smooth 
unlocking  procedure;  if  the  unlocking  procedure 
is  pulsating,  the  maximum  deviation  of  the  mis¬ 
sile  support  plane  in  the  launch  position  shall 
be  less  than  0.1  degree. 

"GOB  Locking  Mechanism  Requirements  - 
When  the  locking  pins  have  securely  been  en¬ 
gaged,  an  electrical  signal  will  be  sent  to  the 
facilities  portion  of  the  console  which  will  indi¬ 
cate  that  ^e  automatic  lock  up  for  launching 
has  been  completed,  and  status  of  the  lock  up 
mechanism  will  be  shown  at  any  time. 

"Manual  Back-Up  Locking  Mechanism  -  In 
the  event  th^  automauc  lock  up  mechanism  falls, 
a  manual  override  of  the  locking  mechanism 
system  will  be  provided. 


"Shock  Mount  Damping  Characteristics 

"Vertical  -  A  total  of  four  coulomb  dampers 
which  develop  a  kinetic  force  within  each  damper 
of  approximately  three  hundred  pounds  shall  be 
used.  Provision  shall  be  made  to  provide  a  slip 
joint  which  can  reduce  the  damping  force  to  zero 
if  desired. 

"Horizontal  -  Two  coulomb  dampers  will 
resist  horizontal  motion  in  either  the  pitch  or 
yaw  directions.  Each  of  these  two  dampers 
shall  develop  a  kinetic  force  of  approximately 
fifty  pounds.  Provision  shall  be  made  to  pro¬ 
vide  a  slip  joint  which  can  reduce  the  damping 
force  to  zero  if  desired. 

"Torsional  -  The  horizontal  dampers  will 
automatically  establish  the  torsional  damping 
characteristics. 
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''AdjusUbtllty  -  The  horizontal  dampers 
shall  provide  adjustment  which  will  enable 
each  damper  to  provide  a  kinetic  damping 
force  of  thirty  pounds  to  two  hundred  pounds. 

Each  vertical  (tamper  shall  have  adjustment 
provisions  which  will  provide  for  kinetic 
damping  forces  between  two  hundred  fifty 
pounds  and  one  thousand  pounds.  A  lengthen¬ 
ing  and  shortening  adjustment  of  at  least  t  2 
inches  shall  be  provided  for  all  horizontal  and 
vertical  dampers. 

"Environment  -  The  thrust  mount  and 
shock  Isolation  system  shall  operate  satisfac¬ 
torily  as  defined  in  AFBM  Exhibit  60-12,  En¬ 
vironmental  Specification  for  the  Ground  System 
of  WS-107A-2,  Titan  U.  dated  22  April  1960. 

"Hold  Down  Requirements  -  The  operational 
missile  will  not  req^re  special  hold-down  de¬ 
vices  such  as  bolts  or  clamps  to  prevent  missile 
damage  during  the  response  to  nuclear  blast 
effects. 

"Operational  -  The  criteria  expressed  herein 
will  govern  for  operational  systems. 


"Interface  Data 

"Spring  Con^nts  or  yiffnesa  Requirements 
at  Silo  wall  Interfaces  -  The  vertical  ^ring  con- 
stant  developed  at  each  of  the  four  vertical 
spring  attachment  points  shall  be  equal  to  or 
greater  than  0.8  «  10*  pounds  per  inch.  The 
vertical  spring  constant  at  each  of  the  four  ver¬ 
tical  lock  up  attachment  points  must  be  equal  to 
or  greater  than  0.9  x  10*  pounds  per  inch.  The 
q)ring  constant  requirements  at  each  of  the 
horizontal  attachment  points  for  a  load  directed 
along  the  line  of  the  lock  up  strut  shall  be  equal 
to  or  greater  than  1.8  x  10*  pounds  per  inch. 

"Umbilical  Misalignment  Contributions  - 
Total  umbilical  forces  shall  not  cause  the  mis- 
slle  to  be  misaligfted  from  the  true  vertical  by 
more  than  0.03  degree." 


Discussion 

The  maximum  design  dynamic  loads  were 
for  malfunction  firings,  and  much  of  the  data 
discussed  in  the  first  section  of  this  paper  was 
used  in  establishing  the  final  design  loads.  The 
criteria  were  basically  a  compromise  to  account 
for  dynamic  loads  imposed  by  blast,  damping 
decay  time  so  that  lockup  could  occur,  stiuiility, 
and  ability  to  return  to  the  initial  vertical  posi¬ 
tion  after  sustaining  blast.  Since  the  misslle- 
(tanqier-attachment-points,  at  the  silo  walls, 


moved  with  rather  high  velocity  as  a  result  of 
nuclear  blasts,  it  was  decided  to  use  coulomb 
dampers  in  order  to  prevent  partial  damper 
strut  lockup  that  could  occur  with  viscous 
damping. 

A  breadboard  damper  was  built  and  tested 
under  sinusoidal  and  impact  loads  in  order  to 
de-bug  the  design  before  final  engineering  re¬ 
lease.  Also,  a  complete  system  was  assembled 
and  a  tower,  which  simulated  a  missile,  was 
installed.  Damping  decay  times,  ability  to 
lockup,  spring  constant  tolerances,  and  natural 
frequencies  were  checked.  As  a  result  of  these 
tests,  the  final  damping  values  and  lockup  sig¬ 
nal  requirements  were  selected  and  incorpo¬ 
rated  into  the  final  engineering  procurement 
specifications. 

The  dynamic  model  for  predicting  the  re¬ 
sponse  of  the  missile  and  suspension  system  to 
ground  motions  caused  by  nuclear  blasts  is 
shown  in  Fig.  18.  Since  the  missile  flexural 
frequencies  were  high,  compared  to  rigid  body 
frequencies,  only  rigid  body  motion  was  con¬ 
sidered.  This  motion  was  defined  by  xj,  x,, 
and  ^3  as  shown.  The  equations  of  motion  tor 
the  system  were  solved  by  the  technique  dis¬ 
cuss^  in  Ref.  5.  The  typical  response  for  this 
type  of  system  is  shown  in  Fig.  19.  Note  that 
the  horizontal  and  rotational  motion  is  much 
slower  than  the  vertical  motion.  By  the  time 
that  maximum  Itorizontal  motion  i:>  attair.cx!, 
the  vertical  motion  has  been  damped  considerably. 


SILO  LAUNCH 

A  full  scale  silo  was  constructed  for  the 
purpose  of  determining,  from  captive  and  flight 
test,  basic  data  regarding  air  entrainment, 
acoustic  and  vibrat  on  levels,  engine  start  tran¬ 
sient  overpressure,  thermal  effects,  and  exhaunt- 
duct- liner  requiren  ents.  The  silo  configuration 
is  shown  in  Fig.  20.  Careful  analysis  of  the  data 
obtained  from  the  captive  firing  and  launch  es  ¬ 
tablished  the  basic  design  criteria  for  the  oper¬ 
ational  TITAN  n  silot  (Fig.  17).  _ 

Some  of  the  basic  data,  obtained  along  .  ith 
extrapolations  to  the  TITAN  n  concept,  are 
given  in  Table  2. 


^Chan,  S.  P.,  Cox,  H.  L.,  and  Benfield,  N,  A., 
"Traniient  Analyiia  of  Forced  Vibrations  of 
Complex  Structural  Mer  hanical  Systen.s,"  J, 
Roy.  Aeronaut.  Soc.,  66:457-460  (July  1962). 
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Fig.  19  -  Typical  response  to  ground  shock  (rigid  body  motion) 


TABLE  2 

Silo  Launch  Test  Facility  Data  and  TITAN  n  Extrapolations 


Item 

Silo  Launch  Test 
Facility  (3  feet  of 
launch-duct-liner) 

TITAN  n  Operational 
Silo  Predictions 
(1  foot  of  launch-duct- 
liner  plus  exhaust- 
duct- liner) 

Remarks 

Total  Acoustic  Tail  Skirt 

158  db 

Levels  on  Missile  Transition 

149  db 

O.K. 

Nose  Cone 

150  db 

Above  Ground  Total  0 

■BIH 

146  db 

TITAN  n  to  have 

Free  Field  Acoustic  10 

144  db 

exhaust  duct 

Levels  (feet)  20 

142  db 

liner. 

147  db 

140  db 

a  K  Air  Entrainment 

3.1 

i.g 

Somewhat  low  for 
TITAN  n 

Launch  Duct  Overpressure 

<4  psi 

<3  psi 

Water  injection 
into  exhaust  for 
TITAN  n 

Exhaust  Duct  Overpressure 

4.5  psi 

<4  psi 

No  problems 

Vibration  Levels  within  Missile 

Most  equipment 
measured  levels 
below  test  failure 
levels 

Some  special  mounting 
of  a  few  components 

Missile  Structural  Strength 

No  structural  fail¬ 
ures  of  any  type 

No  structural  failures 
of  any  type 

No  problems 

Exhaust  Duct  Temperatures 

3000 '’-4000°  F 

<2000‘’F 
(water  injection) 

No  problems 

Fundamental  Missile  Lateral 
Natural  Frequency 

0.701  cps 

0.370  cps 

O.K 

CONCLUSIONS 

Many  examples  have  been  presented  to  show 
how  the  use  of  measured  data,  obtained  from 
component  and  full  scale  tests,  helped  establish 
or  revise  design  criteria  for  primary  ground 
support  structures  in  the  TITAN  R&D  program. 
In  most  cases,  final  design  criteria  for  opera¬ 
tional  hardware  could  not  be  established  until 
comprehensive  tests  were  made  and  the  test 
data  analyzed  early  in  the  program.  It  has  been 


shown  that  malfunction  engine  firings  can  reveal 
valuable  data  for  rewriting  design  criteria  or 
establishing  criteria  for  follow-on  programs. 

For  the  missile  silo  launch  concept,  a  full  scale 
weapons  system  was  built  to  prove  the  feasibility 
of  underground  missile  launchings.  The  use  of 
measured  data  from  extensive  test  programs  to 
establish  design  criteria,  has  reduced  develop¬ 
ment  time,  increased  reliability,  and  reduced 
the  total  cost  of  the  R&D  program. 


DISCUSSION 

Mr.  Christensen  (Aerojet):  I  would  just  effort  there  of  the  visual  aids  and  the  good 

like  to  commend  these  gentlemen  on  the  extra-  timing,  extraordinary, 
ordinarily  good  presentation,  such  a  cooperative 
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Mr.  Nankey  (GE):  I  would  like  to  know  how 
you  excited  yow  full  scale  dynamic  model? 

Dr.  Cox:  Of  the  missile  Itself,  we  excited 
only  the  fundamental  mode,  primarily  as  I 
pointed  out,  to  check  the  mathematical  model, 
the  mass  distribution,  springs  and  so  on.  This 
was  done  purely  by  hand.  We  walked  up  and 
pushed  the  missile  back  and  forth.  The  missile 
fully  loaded  Is  quite  heavy;  however,  by  pushing 
at  the  natural  frequency  and  getting  the  rhythm 
right,  we  were  actually  able  to  excite  the  mis¬ 
sile  hand.  The  erector  tower  which  weighs 
260,000  pounds,  we  excited  also  in  the  funda¬ 
mental  mode,  simply  by  standing  on  top  and 
shifting  our  weight  back  and  forth,  right  at  reso¬ 
nance,  this  requires  quite  a  bit  of  timing.  I  sup¬ 
pose  people  who  are  good  twisters  might  be 
more  adept  at  this  than  some  of  us  engineers. 


Mr.  Floury  (Itorfund):  Could  you  tell  us 
why  the  coulonib  damper  was  chosen  for  the 
TITAN  n  suspension  system  ? 

Dr.  Cox:  We  had  the  problem  of  making 
the  missile  motion  decay  out  to  be  compatible 
with  the  overall  weapons  system  launch  time 
requirements  and,  of  course,  damping  was  re¬ 
quired  for  this  purpose.  Now  the  velocity  of 
the  wall  (or  the  shock  spectra  input)  is  very 
high,  and  a  typical  viscous  damper  may  tend  to 
lockup.  One  would  have  to  build  complicated 
relief  valves  or  bypass  valves,  and  so  on,  be¬ 
cause  of  the  very  high  velocity.  The  damping, 
of  course,  being  roughly  proportional  to  the 
velocity.  So  it  was  decided  that  a  coulomb 
damper  would  do  the  trick  a  lot  better,  since  it 
is  essentially  independent  of  the  velocity. 


CALCULATION  AND  SIMULATION  OF  THE  NOISE  ENVIRONMENTS 
OF  A  GUIDED  MISSILE  FOR  TESTING  OF  COMPONENTS* 


S.  Boraas,  W.  Fricke,  and  B.  Caviller 
Bell  Aerosystems  Company 
Buffalo,  New  York 


This  paper  describes  the  acoustic  testing  of  a  selected  missile  subsys¬ 
tem.  The  methods  used  for  calculating  the  external  noise  fields,  origi¬ 
nating  from  the  booster  engine  and  the  turbulent  boundary  layer  of  a 
supersonic  missile,  are  discussed.  The  overall  noise  level  and  the 
spectrum  of  the  booster  noise  were  calculated  from  similarity  laws. 
The  calculation  of  the  same  quantities  of  the  boundary  layer  noise  was 
based  on  the  local  properties  of  the  induced  flow.  A  large  reverberant 
chamber  and  a  spectral  synthesizer  were  used  for  simulating  the  calcu¬ 
lated  noise  environments.  After  measuring  the  noise  reduction  through 
the  structure  of  the  missile,  suspended  inside  the  reverbercmt  chamber, 
the  internal  noise  spectrum  was  calculated  and  synthesized  for  func¬ 
tional  and  fatigue  tests  of  an  arm  safe  device  and  its  components.  The 
behavior  during  operation  was  recorded  and  analyzed. 


INTRODUCTION 

The  objective  of  this  program  was  to  deter¬ 
mine  the  reliability  of  certain  missile  compo¬ 
nents  of  a  selected  missile  subsystem  when 
subjected  to  a  noise  environment.  During  the 
course  of  the  program,  it  was  determined  that, 
with  one  exception,  all  subsystem  components 
performed  satisfactorily.  The  three  major 
phases  of  the  program  were  as  follows:  first, 
a  calculation  .  f  the  most  severe  noise  fields; 
second,  a  <ielection  of  a  simulation  technique  to 
simulate  these  :K>ise  fields  at  conditions  close 
to  that  predicted  in  Phase  I;  and  third,  the  test 
phase  and  its  evaluation. 

The  sequence  of  this  program  is  typical  of 
all  tasks  requiring  knowledge  of  an  operational 
environment  and  its  effect  on  certain  compo¬ 
nents  during  the  early  design  stage  of  a  missile, 
if  eiqMirimental  values  are  not  yet  available. 

An  estimate  of  the  overall  noise  levels 
during  a  complete  flight  of  the  missile  indicated 
that  two  noise  sources  would  contribute  to  this 
environment:  booster  engine  noise  prevailing 


*This  program  was  conducted  under  the  aus¬ 
pices  of  Picatinny  Arsenal,  Dover,  N.  J.,  under 
Contract  DA-30-069-501 -ORD-3186. 


only  during  subsonic  flight,  and  noise  from  the 
turbulent  boundary  layer,  during  the  entire 
flight  in  the  atmosphere. 

These  two  noise  sources  are  closely  re¬ 
lated  to  certain  flight  parameters  such  as  alti¬ 
tude,  velocity,  and  free- stream  dynamic  pres¬ 
sure;  these  are  shown  in  Fig.  1  for  the  ascent 
phase  of  the  missile.  The  time  function  of  these 
parameters  is  typical  for  a  guided  missile,  op¬ 
erating  at  low  altitude.  Of  particular  interest 


FREE  STREAM  DYNAMIC  FLIGHT  VELOCITY-lOO  FTAEC 

PRESSURE-100  LB/FT*  FLISHT  ALTITUDE -1000 FT 
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Fig.  1  -  Flight  parameters  of  a  supersonic 
missile  during  ascent 


is  the  dynamic  pressure  which  Increases  sharply 
alter  boost;  it  has  a  broad  maximum  lor  i^;)prox- 
inutely  30  seconds,  and  decreases  slowly  with 
Increasing  altitude. 


QUANTITIES  OF  AN  EXTERNAL 
NOISE  nELD 

It  is  common  practice  to  describe  an  ex¬ 
ternal  noise  field  around  a  vehicle  by  three 
quantities: 

e  A  time-averaged  overall  noise  level, 

e  A  time-averaged  spectrum  or  octave 
band  level,  and 

e  A  iqiatial  correlation  between  the  instan¬ 
taneous  pressures. 

I  The  following  paragraphs  discuss  the  meth- 

I  ods  used  to  predict  the  overall  noise  levels  and 
I  the  spectra  ol  the  two  main  noise  sources.  No 
«  attempt  was  made  to  predict  the  spatial  pres¬ 
sure  correlation,  i.e.,  the  phase  correlation 
between  the  instantaneous  pressures  acting 
4  over  the  outer  wall  of  the  compartment,  because 
i  the  results  of  spatial  pressure  correlation  of 
rocket  engines  for  points  located  upstream  of 
the  nozzle  exit  are  insufficient  and  do  not  allow 
application  of  any  similarity  consideration. 

^  Furthermore,  the  components  to  be  tested  are 
■■  located  inside  the  compartment  which  has  an 
irregular  surface  of  high  reflection  that  causes 
the  build-up  of  a  reverberant  field.  Certain 
standing  waves  at  discrete  frequencies  might 
'  also  exist.  It  can  be  assumed  that  even  in  the 
case  of  an  external  noise  field  with  a  well  de¬ 
fined  spatial  correlation,  the  resulting  internal 
noise  field  is  diffuse  and  its  spatial  pressure 
correlation  completely  random.  This  assump¬ 
tion  justifies  the  decision  to  restrict  this  study 
to  the  first  two  quantities. 


Booster  Engine  Noise 

The  external  near  noise  field  around  the 
?  missile  compartment,  which  originated  from 
f  the  booster  engine,  was  determined  by  extnqx)- 
latlon  of  near  noise  field  results  obtained  from 
a  similar  rocket  engine. 

Figure  2  shows  the  overall  noise  level  as  a 
function  of  the  dimensionless  axial  distance  XD 
for  a  solid  prc^Uant  rocket  oigine  of  7000 


AXIAL  DISTANCE,  >/D 

Fig.  2  -  Near  noise  of  a  rocket  engine,  measured 
at  a  radial  distance  y/D  =  3 


pounds  thrust  measured  close  to  the  main  axis 
at  a  distance  of  y/s  =  3  [l]. 

It  can  be  shown  by  a  similarity  considera¬ 
tion  (Appendix  A)  that  the  near  fieM  noise- 
distance  function  holds  for  rocket  engines  of 
other  thrust  values  at  the  same  exhaust  veloc¬ 
ity,  if  the  acoustical  power  coefficient  is  as¬ 
sumed  to  be  constant.  The  thrust  of  the  rocket 
engine  was  14,000  pounds,  and  from  the  dia¬ 
gram,  an  ovendl  noise  level  of  141  db  at  the 
compartment  station  was  obtained  for  the  mis¬ 
sile  at  rest  and  at  sea  level. 

This  noise  level  will  be  influenced  by  the 
variation  of  the  characteristic  impedance  of  the 
ambient  air  and  motion  of  the  noise  source  dur¬ 
ing  flight.  During  the  subsonic  flight  phase,  the 
decrease  of  the  characteristic  impedance  was 
only  1  percent  and  was  neglected.  The  effect  of 
motion  of  the  noise  source  on  points  upstream 
of  the  nozzle  exit  has  been  stuped  theoretically 
in  several  p^rs  [2,  3,  and  4].  Different  cor¬ 
rections  to  the  noise  level  were  derived,  de¬ 
pending  on  the  type  of  elementary  noise  sources 
and  the  orientation  of  their  axes  relative  to  the 
direction  of  motion.  As  a  result,  either  an  in¬ 
crease  or  a  decrease  of  the  noise  level  has 
been  predicted,  with  values  sq>proaching  30  db 
near  Mach  number  one.  Recent  flight  measure¬ 
ments,  however,  did  not  confirm  the  predicted 
large  variation  with  Mach  number.  Only  a 
slight  decrease  was  found  in  front  of  jet  en(.dnes 
flying  at  a  hi^  subsonic  speed  [S].  Conse- 
quenUy,  the  ^ect  of  motion  was  not  taken  into 
account. 

The  (pectrum  of  the  rocket  engine  can  be 
determined  from  the  spectrum  of  the  refer¬ 
ence  engine,  if  one  assumes  the  same  Strouhal 
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number  s*  for  both  q;>ectra  in  the  near  noise 
region.  The  resulting  spectrum  is  presented  in 
Fig.  3.  It  shows  a  broad  maximum  between  the 
center  frequencies,  425  and  850  cps. 


OCTAVE  BAND  LCVEL- 
OB  REF  O.OOOt  MKBOBAB 


Fig.  3  -  Spectrum  of  booster  engine  noise 


Boundary  Layer  Noise 

A  discussion  of  the  calculation  of  the  sec¬ 
ond  source  of  noise,  originating  from  the  bound¬ 
ary  layer,  follows. 

The  relative  motion  between  the  fluid  par¬ 
ticles  of  a  gaseous  medium  such  as  air  and  the 
solid  boundary  of  a  missile  will  produce  the 
boundary  layer  as  shown  in  Fig.  4.  This  figure 
illustrates  an  induced  flow  field  of  a  s\q>ersonic 
missile  flying  at  a  low  altitude.  The  region  be¬ 
hind  the  shock  may  be  divided  into  the  viscid 
and  the  inviscid  flow  regimes.  The  boundary 
layer  is  the  viscid  portion  of  the  flow  near  the 
solid  surface,  in  which  the  viscous  effects  of 
the  fluid  are  predominant.  The  laminar  portion 
of  the  boundary  layer  is  characterized  by  a 
nonmixing  flow,  in  siq>erposed  layers,  where 
the  fluid  properties,  as  well  as  the  particle  ve¬ 
locity  at  every  point,  are  constant  TiHth  time.  A 
transition  from  laminar  to  a  turbulent  flow  will 
take  place  when  the  inertia  forces  of  the  fluid 
particles,  within  the  boundary  layer,  become 
much  larger  than  the  viscous  forces.  The  point 
of  transition  may  be  predicted  from  the  nondl- 
mensional  Reynold's  number,  defined  as  the 
product  of  the  fluid  density,  fluid  velocity,  and 
a  characteristic  length  divided  by  the  fluids 
viscosity.  When  the  local  Reynold's  number 
exceeds  some  critical  value  along  the  body 


*The  dimensionleas  Strouhal  number  S>  for 
engine  noise,  is  defined  by  the  ratio  S  =  fD/v, 
where  f  =  peak  frequency  of  the  spectrum, 

D  =  nozzle  exit  diameter,  v  =  exhaust  velocity. 


surface,  the  boundary  layer  becomes  turbulent. 
A  turbulent  boundary  layer  is  marked  by  rapid 
fluctuations  in  the  fluid  properties  which,  be¬ 
cause  of  their  random  motion,  become  sources 
of  noise  generation.  The  superimposed  effect 
of  all  sources,  termed  the  boundary  layer  noise, 
can  become  a  major  contributor  to  the  missile's 
total  noise  environment. 


Fig.  4  •  Induced  flow  around  a 
supersonic  missile 


Overall  Sound  Pressure  Level  (SPL,^)  — 

The  calculation  of  the  overall  sound  pressure 
level  was  based  on  experimental  information  of 
the  fluctuating  pressure  disturbances  within  the 
boundary  layer.  Their  root-mean-square  value 
(P)  has  been  found  to  be  directly  proportional 
to  the  local  value  of  the  dynamic  pressure  (q) 
at  the  boundary  layer  edge.  In  the  case  of  a 
missile,  the  local  dynamic  pressure  depends 
ipon  the  missile's  ^titude,  attitude,  velocity, 
and  configuration.  For  a  subsonic  missile,  at 
zero  angle  of  attack,  the  local  dynamic  pressure 
may  be  assumed  equal  to  the  free-stream  dy¬ 
namic  pressure,  irre^ctive  of  configuration. 
For  a  sipersonic  missile,  at  all  angles  of  at¬ 
tack,  the  local  dynamic  pressure  is  influenced 
by  the  shock  wave  as  shown  in  Fig.  5.  A  sudden 
increase  in  the  dynamic  pressure  across  the 
shock  is  followed  by  a  maximum  at  about  one- 
half -diameter  downstream  and  a  minimum  near 
the  shoulder.  The  region  of  maximum  local 
dynamic  pressure  may  well  be  laminar.  Tran¬ 
sition  will  probably  occur  between  this  region 
and  the  shoulder. 

The  equ4)ment  compartment  of  the  missile 
is  located  aft  of  the  shoulder  in  a  region  where 
the  local  dynamic  pressure  is  nearly  constant. 
This  fact,  together  with  the  variation  in  the  ra¬ 
tio  p/q  (from  4.5  to  10  x  10'^),  found  by  differ¬ 
ent  authors  [6,  7,  and  8]  would  Justily  the  use  of 
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the  free-stream  dynamic  pressure  without  ap¬ 
preciable  reduction  of  accuracy.  However,  it 
was  decided  to  determine  the  local  dynamic 
pressure  by  a  method  that  could  be  en^loyed  in 
the  future  when  more  accurate  values  of  p/q 
will  have  been  established.  Appendix  B  shows 
how  local  dynamic  pressure  can  be  calculated 
from  the  total  energy,  entropy,  and  static  pres¬ 
sure  of  the  fluid.  A  previous  paper  [9]  by  one 
of  the  authors,  also  used  the  local  dynamic 
pressure  in  determining  the  boundary  layer 
noise  of  a  blunt  nose  re-entry  vehicle. 


Fig.  5  -  Ratio  of  locai-dynamic-pressure  to 
free-stream-dynamic-pressure  on  the  surface 
of  a  supersonic  missile 


The  local  dynamic  pressure  varies  with 
time  as  a  function  of  the  flight  velocity  and  al¬ 
titude.  At  zero  angle  of  attack,  the  local  and 
free-stream  values  of  the  pressure  occur  si¬ 
multaneously.  Consequently,  the  maximum 
boundary  layer  noise  will  coincide  with  the  con¬ 
dition  of  maximum  local  dynamic  pressure.  It 
was  decided  to  simulate  this  maximum  value 
rather  than  its  variation  with  time.  Multiplica¬ 
tion  of  the  maximum  local  dynamic  pressure 
with  an  average  value  of  p/q  (6.8  x  10'^)  re¬ 
sults  in  a  maximum  oversill  noise  level  of  155.4 
db  around  the  compartment. 

The  q>ectrum  of  the  boundary  layer  noise 
was  computed  from  spectra  obtained  during  the 
Little  Joe  2  flight  tests.  The  measured  internal 
noise  spectrum  [lO]  and  the  noise  reduction  re¬ 
corded  during  other  flights  of  the  same  vehicle 
[ll]  permitted  calcsilation  of  the  external  bound- 
suy  layer  noise  qsectrum,  shown  in  Fig.  6.  It 
is  msuie  nondlmenslonal  1^  multiplication  with 
the  ratio  3,/v  (3,,  >  compressible  boundsu-y 
layer  thickness,  v  « flow  velocity  at  boundary 
layer  edge),  csdculated  at  the  location  corre¬ 
sponding  to  the  point  where  the  intemsU  noise 
was  recorded  (Appendix  C).  It  was  smsumed 
that  this  nondimensional  qsectrum  is  constant 


for  different  configurations  over  a  range  of  sub¬ 
sonic  and  supersonic  flow  velocities  as  long  as 
the  flow  conditions  are  similar  and  no  adverse 
pressure  gradients  occur.  Multiplication  of  the 
nondimensionalized  spectrum  by  the  ratio  v/3^, 
calculated  for  the  missile,  resulted  in  the  bound¬ 
ary  layer  noise  q>ectrum  (Fig.  7).  It  peaks  be¬ 
tween  the  center  frequencies,  850  and  1700  cps. 


OCTAVE  tAND  LEVEL - 
M  AEF  0.0002  UICKOBAR 


Fig.  6  -  Nondimensionalized 
Little  Joe  2  spectrum 
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Fig.  7  -  Boundary  layer  noise  spectrum 


SELECTION  OF  SIMULATION 
TECHNIQUE  AND  DESCRIP¬ 
TION  OF  TEST  FACIUTY 

The  assembly  to  be  tested  is  located  inside 
a  compartment  where  a  reverberant  condition 
prevails.  Consequently,  simulation  of  a  rever¬ 
berant  noise  field  was  the  most  suitable  test 
method,  and  one  of  the  reverberant  test  facili¬ 
ties  designed  by  this  company  was  selected  for 
the  test  phase. 

An  external  view  of  the  test  chamber  is 
shown  in  Fig.  8.  Air  is  siqiplied  to  four 
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Fig.  8  -  Bell  reverberation  test  chamber,  model  60D8B 


electropneumatic  transducers  from  a  manifold 
of  a  regulated  air  sv^ply.  The  transducers  are 
coupled  to  the  reverberation  chamber  (located 
within  the  sound  proof  housing)  by  an  exponen¬ 
tial  horn,  23  feet  long.  The  13-foot  section  ex¬ 
ternal  to  the  housing,  is  covered  with  damping 
compound,  fiberglass,  and  a  plywood  casing. 
This  section  is  connected  to  the  mouth  of  the 
second  e^qionential  horn  by  two  rectangular 
chambers.  The  longer  is  a  progressive  wave 
test  chamber.  The  other  section  is  an  acoustic 
mirror  and  mixer  for  adding  high-frequency 
acoustic  energy  to  the  progressive  chamber. 

The  reverberation  chamber  is  irregularly 
shaped;  it  has  10  sides  and  a  volume  of  90  cubic 
feet  (Fig.  9).  There  are  24  mid-frequency  driv¬ 
ers,  with  exponential  connectors,  ciustelred 
about  the  low-frequency  horn  on  4  adjacent 
sides  of  the  chamber.  The  illustration  also 
shows  an  assembled  section  of  the  missile  con¬ 
sisting  of  the  radome,  equipment,  and  payload 
compartments,  and  a  portion  of  the  en^e  cas¬ 
ing,  suqiended  in  the  chamber.  The  assembly 
tested  is  an  arm  safe  device,  consisting  of  many 
components,  including  electronic  packages, 
electromechanical  devices,  transducers,  and  a 
barometric  switch.  These  units  were  mounted 
on  a  one-piece  magnesium  casting.  The 


Fig.  9  -  Suspension  of  assembled  missile 
in  the  reverberation  chamber 


electronic  subassemblies  employed  solid  state 
circuitry  and  were  well  designed  to  withstand 
mechanical  and  acoustic  vibration.  To  simu¬ 
late  the  calculated  noise  fields,  the  spectral 
synthesizer  shown  in  Fig.  10  was  used.  This 
system  was  designed  to  synthesize  various  types 
of  missile  spectra.  Acoustic  power  for  the  low- 
frequency  range  is  stqiplied  by  four  electro¬ 
pneumatic  transducers.  Each  transducer  is 
driven  by  two  preamplifiers  and  two  ISO-watt 
power  amplifiers  in  parallel.  The  output  from 
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Fig.  10  -  Block  diagram,  spectrum  synthesizer,  model  60D8B 


a  random  noise  generator  is  divided  into  five 
bands  by  octave  bandpass  filters,  mixed  in  va¬ 
riable  ratios,  and  fed  to  the  eight  preamplifiers 
through  a  master  low-frequency  gain  control. 

The  acoustic  power  for  the  frequency  range 
from  1200-10,000  cps  is  delivered  by  24  high- 
intensity,  mid-frequency,  electromechanical 
drivers.  Each  driver  is  powered  by  one  150- 
watt  amplifier  and  preamplifier.  Similar  elec¬ 
tronics  are  used  to  drive  the  preamplifiers. 
Figure  11  shows  a  photograph  of  the  synthesizer 
console.  The  random  noise  generators,  filters, 
and  power  amplifiers  are  located  in  the  vertical 
racks  on  both  sides  of  the  desk.  The  prean^li- 
fiers  and  overload  warning  lights  are  placed  in 
the  sloped  section,  and  the  mixer  and  master 
gain  controls  are  located  on  the  top  of  the  desk. 

A  sound  level  meter  and  octave  band  analyzer, 
located  in  the  center  above  the  desk,  monitor 
the  synthesized  spectrum.  At  the  right  is  an 
audio  oscillator  and  frequency  indicator  for 
discrete  frequency  excitation. 

The  analysis  indicated  that  the  arm  sale 
device,  during  ascent,  is  subjected  to  a  super- 
impost  noise  field,  originating  from  both  the 
booster  engine  and  boundary  layer.  This  ^c- 
trum  is  shown  by  the  solid  line  in  Fig.  12.  The 
internal  spectrum,  represented  by  the  broken 
line  in  Fig.  12,  was  obtained  from  noise  reduc¬ 
tion  measurements  conducted  with  the  assembled 
missile.  During  all  tests,  the  internal  plectra, 
origiiuting  either  from  both  noise  sources  or 
from  the  boundary  layer,  were  synthesized. 


Two  synthesized  internal  spectra,  applied 
during  a  functional  and  a  fatigue  test,  are  com¬ 
pared  (in  Fig.  13)  with  the  analytical  ^ectrum. 
The  differences  for  the  upper  four  octave  bands 
were  within  1  db;  while  the  four  synthesized 
lower  octave  bands  were  3  to  4  db  high. 

The  operational  tests  of  the  arm  safe  de¬ 
vice  required  simulation  of  the  sequence  of 
functions  perfornoed  by  the  other  missile  sub¬ 
systems  initiated  by  certain  flight  parameters 
such  as  ambient  static  pressure  and  accelera¬ 
tion.  The  pressure  altitude-time  function  was 
simulated  by  bleeding  air  from  the  baroswltch 
to  an  evacuated  tank  through  a  preset  orifice. 
The  acceleration-dependant  actuators  were  re¬ 
placed  by  solenoids,  which  were  switched  cm  at 
the  same  time  intervals  as  would  occur  during 
actual  flight. 

TESTS  RESULTS  AND  EVALUATION 

The  operational  testing  was  performed  in 
two  tests.  In  the  first,  a  so-called  functional 
test,  the  arm  safe  device  was  exposed  for  6 
minutes  to  the  sq;>erimposed  simulated  noise 
field,  and  was  operated  during  the  last  minute. 
In  a  second  so-called  acoustical  fatigue  test,  the 
exposure  time  was  increased  to  120  minutes. 
A^in  the  device  was  (derated  cmly  during  the 
last  minute.  In  both  tests,  the  noise  environ¬ 
ment  produced  an  ou^ut  signal  which,  under 
actual  flight  conditions,  would  have  caused  de¬ 
struction  of  the  missile  before  reaching  its  in¬ 
tended  target. 
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Fig.  11  -  Spectrum  synthesizer,  model  60D8B 
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Fig.  12  -  Spectrum  from  booster  engine  and 
boundary  layer  noise,  superimposed 


Fig.  13  -  Synthesized  noise  spectra  during 
functional  and  fatigue  tests 


Immediately  after  the  tests,  an  operational 
bench  test  of  the  device  inside  the  chamber 
without  aux)ustical  excitation  did  not  show  any 
deviation  from  normal  operation. 

An  analysis  pf  the  recorded  iiyiut  and  out¬ 
put  functions  revealed  that  baroswitch  chatter 
caused  the  nnalfunction.  Consequently,  this  com¬ 
ponent  was  among  those  selected  lor  individual 


acoustic  tests.  The  baroswitch  alone  proved  to 
be  sensitive  to  sound.  This  switch,  shown  sche¬ 
matically  in  Fig.  14,  consists  of  four  pressur¬ 
ized  aneroid  elements  with  internal  contacts 
which  open  on  ascent.  The  individual  elements 
are  connected  in  a  series-parallel  network. 

The  baroswitch  is  set  to  activate  at  an  altitude 
at  which  the  missile  operates  at  supersonic 
speed.  Consequently,  the  baroswitch  tests  were 
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I  performed  in  a  simulated  boundary  layer  noise 
field,  using  either  random  octave  band  or  dis¬ 
crete  1 -cycle  bandwidth  Epectra. 

Baroswitch  chatter  was  recorded  on  mag- 
I  netic  tape  and  played  back  for  oscillograph  re- 

J  cording.  Excerpts  from  the  oscillograms  are 
shown  in  Fig.  15  for  the  network  mostly  closed 
(beginning  of  chatter),  half  open,  and  mostly 
I  open  (end  of  chatter).  A  fundamental  frequency 


I  I 

I _ 1 


Fig.  14  -  Schematic  of  baroswitch  chatter 


of  approximately  1600  cps  is  evident  with  a  high 
percentage  of  second  harmonic. 

The  chatter  effect  was  also  recorded  on  a 
magnetic  tape  loop  machine  and  played  back 
through  a  wave  analyzer.  The  result.  Fig.  16, 
shows  the  relative  amplitude  of  the  wave  ana¬ 
lyzer  output  as  a  function  of  frequency,  for  the 
network  mostly  open.  The  fundamental  fre¬ 
quency  again  appears  at  1600  cps  and  a  second 
harmonic  at  3200  cps. 

Chatter  duration  dependence  on  pressure- 
altibide  ascent  rate  is  demonstrated  in  Fig.  17. 
The  altitude  error  due  to  the  chatter  effect  is 
the  product  of  ascent  rate  and  chatter  duration. 
The  error  would  be  1600  feet  above  the  7500- 
foot  altitude  setting.  This  graph  also  shows  that 
introducing  a  time  delay,  to  prevent  chatter  at 
minimum  ascent  rate,  would  result  in  an  exces¬ 
sive  altitude  error  at  high  ascent  rates. 

In  subsequent  tests,  the  four  single  switch 
elements  and  also  the  series-parallel  network 
were  investigated  by  the  use  of  discrete  fre¬ 
quency  excitation.  The  results  are  demonstrated 


(NOTE:  LIGHT  TIMING 
LINES  ARE  1/3200  TH 
OF  A  SECOND ) 


BAROSWITCH  NETWORK 
MOSTLY  CLOSED 


BAROSWITCH  NETWORK 
HALF  OPEN 


BAROSWITCH  NETWORK 
MOSTLY  OPEN 


Fig.  15  -  Oscillograms  of  baroswitch  chatter 
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Fig.  16  -  Wave  analysis  of  baroswitch 
chatter  with  network  mostly  open 


0U6ATI0N  -  CHATTE6  -  SCC 


are  shown  in  Fig.  19.  An  increase  of  the  bel¬ 
lows  spring  toision  resulted  in  a  decrease  of  the 
resonant  frequency.  A  second  mode  of  vibration 
was  found  between  4500  and  9000  feet. 
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Fig.  18  -  Chatter  frequencies  and  ranges  of 
baroswitch  boundary  layer  spectrum  levels 
(baroswitch  setting  at  7414  feet) 


The  range  of  altitude,  during  which  chatter 
occurs,  depends  on  the  amount  of  excitation  en¬ 
ergy  and  is  demonstrated  in  Fig.  20.  Increase 
of  the  sound  pressure  level  in  increments  of  5 
db  showed  proportionality  between  pressure  and 
cliatter  range. 


Fig.  17  •  Baroswitch  as  a  function 
of  altitude  ascent  rate 


in  Fig.  18.  The  frequency  bands  and  also  the 
altitude  ranges  where  chatter  occurs,  are  nar¬ 
row.  Altitude  chatter  ranges  vary  from  35  to 
370  feet  even  though  the  spectrum  level  peaked 
at  only  117  db. 

A  chatter  effect  of  the  baroswitch  network 
under  discrete  frequency  excitation  can  be  ob¬ 
served  only  if  the  chatter  bands  of  two  of  the 
single  switch  elements,  1  or  2  and  3  or  4,  coin¬ 
cide.  In  this  baroswitch  elements  1  and  4  have 
almost  identical  chatter  bands,  which  produce 
network  chatter  above  1600  cps.  The  network 
also  chattered  at  1550  cps,  but  a  chatter  band 
in  this  frequency  range  was  not  found  for  either 
element  1  or  2.  Very  often  a  slight  pulse  is  re¬ 
quired  to  initiate  a  resonance  which  would  then 
be  sustained  by  a  lower  energy  input. 

The  baroswitch  setting  was  varied  from 
4500  to  65,000  feet  of  altitude  and  the  fundamen¬ 
tal  resonant  frequency  was  determined.  Results 


The  effect  of  the  baroswitch  chatter  on  the 
other  components  of  the  arm  safe  device  was 
investigated  in  another  test.  This  subsystem, 
subjected  to  random  bo<mdary  layer  noise  at 
various  ascent  rates,  showed  the  malfunction 
during  each  test.  For  slow  ascent  rates,  the 
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Fig.  19  -  Fundamental  resonant  frequency  of 
baroswitch  as  a  function  of  barosetting 


BAROSWITCH  CHATTER  RANGE* FT  OF  ALT  ABOVE  7900FT 

Fog.  20  -  Altitude  range  of  baroawitch  chatter 
as  a  function  of  sound  pressure  level 


malfunction  occurred  in  one  circuit  path  and  for 
high  rates  in  a  second  path.  Intermediate  rates 


resulted  in  a  malfunction  in  both  circuit  paths. 
Based  on  the  results  of  these  tests,  the  circuit 
paths  were  modified  and  again  subjected  to  op¬ 
erational  tests.  One  modification  resulted  in 
improved  performance,  the  other  completely 
eliminated  the  effect  of  baroswitch  chatter  on 
the  arm  safe  device. 


CONCLUSIONS 

The  following  conclusions  may  be  made 
from  the  results  of  this  test  program.  By  the 
i^iplicatlon  of  a  simulated  noise  environment, 
the  behavior  of  a  sound  sensitive  conqwnent  and 
its  effects  on  a  missile  system  can  be  analyzed. 
The  results  would  enable  a  designer  to  perform 
an  s^ipropriate  modification  or  a  complete  re¬ 
design.  However,  consideration  of  the  acoustic 
environment  in  design  and  test  specifications  on 
a  component  level  during  the  early  design  phase, 
would  usually  be  more  economical. 


Appendix  A 


PROCEDURE  FOR  ESTIMATING  BOOSTER  ENGINE  NOISE 

Rocket  engine  experiments  have  shown  that  From  Eqs.  (Al)  and  (A2), 
the  acoustic  power  radiated  from  a  rocket  en¬ 
gine  follows  a  law  similar  to  that  theoretically  u  n*  v^ 

derived  by  Llghthill  [2]  for  subsonic  jets.  This  P*  =  - —  • 

relationship  may  be  expressed:  ' 


w  =  AV^  ■;*  ,  (Al) 

where, 

A  a  nozzle  exit  area, 

K  a  acoustic  power  coefficient, 
w  B  acoustic  power, 
p,  B  ambient  density, 
v  B  exhaust  velocity,  and 
•a  ■  q>eed  of  sound. 

The  exponent  /3  is  found  experimentally. 


where. 


16a‘ 


and  D  3  diameter  of  the  nozzle  exit. 


For  two  noise  sources  that  have  different  exit 
diameters  D,  the  sound  pressures  at  the  dis¬ 
tances  r  j  a^  Tj  within  the  near  noise  field, 
respectively  are:  ..a 


p,»  = 


and 


,  2  . 


MDj  Vj^ 


for  V,  =  V 


2  • 


Acoustic  power  and  sound  pressure  p  are 
correlated  by  the  equation  of  a  qpherical  sound 
wave  of  radius  r : 


Pi  Dl  Tg 
pj  ■  Dj  ri  • 


(A4) 


If  r  is  expressed  in  multiples  of  D.,  then: 

w  =  .  (A2) 

*■  ^1  ”  •'l®l  >  ^2  ”  ”2^2  ' 
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Or  Eq.  (A4)  can  be  written: 


Pi  =  P,  for  nj  =  n,- 


(A6) 


or 


^  -  Hi 

Pj  ■  n. 


(AS)  Equation  (A6)  demonatratea  that,  for  the  aame 
value  of  n  and  v,  the  aame  aound  preaaure 
can  be  expected. 


Appendix  B 

PROCEDORE  F(»  CALCULATING  THE  LOCAL  DYNAMIC  PRESSURE 


The  calculation  of  the  local  dynamic  prea¬ 
aure,  at  Bome  point  on  the  aiurfaee  of  a  auper- 
aonlc  miaalle,  requires  that  the  total  oiergy, 
entropy,  and  static  preaaure  of  the  flow  be 
known  at  that  point.  From  the  conservation  of 
energy,  the  totsil  energy  (E)  of  a  fluid  particle 
at  the  boundary  layer  edge,  must  be  equal  to  the 
sum  of  its  thermal  energy,  under  ambient  con¬ 
ditions,  and  the  kinetic  energy  Imparted  to  it  by 
the  missile. 

The  entropy  (S)  of  a  fluid,  as  defined  in 
thermodynamics,  is  a  measure  of  the  availabil¬ 
ity  of  the  fluids  energy  in  the  performance  of 
useful  work.  In  an  inviscld  irrotational  flow, 
the  entropy  will  be  constant  along  a  streamline. 
For  the  case  of  a  slender  missile,  such  as  the 
one  under  discussion,  the  ogive  nose  may  be 
approximated  by  a  conical  surface,  and  the  flow 
bkween  the  shock  and  the  boundary  layer  will 
be  irrotational  as  well  as  inviscld.  Therefore, 
the  entropy  of  the  streamline  at  the  boundary 
layer  edge  will  be  constant  and  equal  to  the  en¬ 
tropy  of  the  flow  immediately  aft  of  the  shock. 

The  static  pressure  distribution  along  the 
body  surface  may  be  calculated  from  theoreti¬ 
cal  or  ai^roxlmate  methods  or  obtained  from 
eq>erimental  data.  The  theoretical  values  of 
the  pressure  coefficient  (C.)  from  Figs.  4  and 
5  of  Ref.  12  and  Fig.  15  (d  Mf.  13  were  used  to 
compute  the  .pressure  distribution.  These  val¬ 
ues  of  the  pressure  coefficient  were  obtained  by 
using  the  method  of  characteristics  described 
in  Ref.  12  for  a  missile  geometrically  similar 
to  die  missile  under  discussion. 

The  detailed  procedures  used  in  determin¬ 
ing  the  local  dynamic  pressure  at  the  forward 
end  of  the  missile  conq)artment,  are  described 
in  the  following  steps: 

(1)  At  zero  angle  of  attack  and  for  a  se¬ 
lected  velocity  (V.)  and  altitude  from  the  tra¬ 
jectory  information  of  Fig.  1,  determine  the 
ambient  temperature  (T.)  a^  pressure  (p.) 
from  the  atmospheric  table  of  ^f.  13.  The  to¬ 
tal  energy  (per  unit  mass)  may  be  calculated 
from 


'  =  CpT,  +  V,V2  . 

where  c,,  is  the  specific  heat  of  the  ambient 
air  at  constant  pressure.  If  T  is  the  tenq>era- 
ture  at  some  point  on  the  boundary  layer  edge, 
then  the  corresponding  velocity  (V)  must  be 

V  =  [2(E  -  CpT)]^''* 

(2)  The  entnqpy  (per  unit  mass)  of  the  flow 
behind  the  shock  may  be  determined  from  the 
espression 

s  =  Cp  log,  T,  -  R  log,  p,  +  Sp , 

where  R  is  the  gas  constant  for  air,  s,  is  a 
reference  entropy,  and  T,  and  p,  are  the  ptatic 
values  of  temperature  and  pressure  behind  the 
shock  wave.  The  quantities  T,  and  p,  may  be 
evaluated  from  oblique  shock  relations  [l4j  in 
terms  of  the  missile  Mach  number  (M.)  and  the 
semi-nose  angle  (0) . 

T,/T.  =  p,/p  =  0). 

With  the  entropy  known,  the  tenoperature  (T)  at 
a  particular  point  on  the  boundary  layer  can  be 
c^culated  if  the  correqmnding  pressure  (p)  is 
known. 

(3)  The  definition  of  pressure  coefficient  is 


where  p.  and  q.  are  the  free- stream  values 
of  the  static  pressure  and  the  dynamic  pressure 
for  the  selected  values  of  altitude  and  velocity 
of  Step  1.  With  the  pressure  coefficient  known, 
the  pressure  may  be  determined  from 

p  =  (Cp)  (q.)  +  p, . 

(4)  With  the  pressure  (p)  known,  the  tem¬ 
perature  (T)  may  be  obtained  from  the  entropy 
equation  where  S  is  the  entropy  from  Step  2. 
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S  =  Cp  log,  T  -  R  log,  p  +  Sp  . 


#  #1  jRii 


(5)  The  local  Mach  number  (M)  may  be 
calculated  from 


(6)  Finally,  the  local  dynamic  pressure 
may  be  calculated  from 


M  =  V/y/yTCr  . 

where  y  is  the  ratio  of  specific  heats  for  air. 


q  =  • 


Appendix  C 

PROCEDURE  FOR  CALCULATING  THE  BOUNDARY  LAYER  THICKNESS 


The  incompressible  turbulent  boundary 
layer  thickness  at  the  compartment  loca¬ 
tion,  was  calculated  from  the  es^ression  [iS] 


is  located  only  a  short  distance  downstream  of 
the  vertex.  We  can,  therefore,  assume  that  the 
characteristic  leng^  L  is  equal  to  the  distance 
between  the  vertex  and  the  compartment. 


.  0.381  L 


(Cl) 


where  L  denotes  a  characteristic  length,  and 
RN  the  local  Reynolds  Number,  which  can  be 
determined  by  ^e  equation 


RN  =  ^  ,  (C2) 


The  quantity  V  should  be  the  average  flow 
velocity  along  the  distance  L .  We  used  the 
higher  value  calculated  at  the  compartment. 

The  error  introduced  by  the  larger  value  of  L 
in  Eq.  (Cl)  is  reduced  to  a  negligible  amount  by 
the  fifth  root  of  the  larger  product  VL  in  Eq. 
(C2).  The  coefficient  of  viscosity  m  was  calcu¬ 
lated  from  Sutherland's  equation  [l6] 


where  p,  v,  and  p  are  the  fluids  density,  ve¬ 
locity,  and  viscosity,  respectively.  This  equa¬ 
tion  may  be  expressed  in  terms  of  the  local 
dynamic  pressure 


RN  =  .  (C3) 

It  has  been  mentioned  before  that  at  low  al¬ 
titude  and  svq>ersonic  speed,  the  transition  point 


2.27  X  10-* 


■j3/2 

T  +  198.6 


(C4) 


where  T  is  the  temperature  at  the  edge  of  the 
boundary  layer.  Finally,  the  compressible 
boundary  layer  thickness  3,,  was  obtained  by 
multiplying  the  incompressible  value  of  Eq. 
(Cl)  the  ratio  .  This  ratio  depends  on 
the  local  Mach  number  and  was  taken  from 
Ref.  15. 
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Section  3 

TEST  TECHNIQUES 


SYSTEMS  EVALUATION  AND  THE  TRADITIONAL 
ROLE  OF  THE  TESTING  LABORATORY 


R.  G.  Yaeger 

Advanced  Space  Projects  Department 
General  Electric  Company 


In  this  paper  the  system  test  will  be  identified  and  its  position  in  the 
development  picture  discussed.  Present  needs  of  systems  laboratories 
in  terms  of  people,  equipment,  and  support  are  also  discussed  and  par¬ 
ticular  emphasis  is  placed  on  the  greater  freedom  of  test  planning 
inherent  at  the  systems  level.  Examples  of  inadequacies  at  the  compo¬ 
nent  level  are  given. 


BACKGROUND  AND  DEFINITIONS 

This  p^r  must  be  read  with  the  under¬ 
standing  that  the  opinions  presented  are  those 
of  the  writer  and  they  do  not  necessarily  repre¬ 
sent  those  of  the  General  Electric  Company  or 
any  of  its  employees.  The  ideas  presented  are 
the  result  of  the  writer's  experiences  in  plan¬ 
ning,  conducting,  and  reporting  on  a  variety  of 
test  programs  for  a  number  of  government 
agencies  and  their  contractors.  Nothing  of  a 
classified  or  proprietary  nature  is  discussed. 

It  is  hoped  that  the  ideas  presented  may  find 
reaction  in  similar  thinking  among  engineers 
and  managers  working  in  this  field  and  in  more 
widespread  use  of  similar  ideas.  Attempts  will 
be  m^e  to  keep  the  discussions  general,  but  the 
conclusions  drawn  are  necessarily  affected  by 
the  writer's  background. 

It  is  important  that  certain  terms  be  de¬ 
fined  in  the  sense  that  they  are  used  in  this 
paper.  These  terms  are: 

s  Component:  This  is  the  familiar  black 
box,  which  is  an  assembly  of  piece  parts  (resis¬ 
tors,  valves,  transistors,  regulators,  lenses, 
etc.)  designed  to  perform  part  of  a  subsystem 


function.  Example:  The  guidance  computer  in 
an  inertial  guidance  subsystem. 

e  Subsystem:  An  assembly  of  components 
which  fulfills  a  discrete  function  in  the  success¬ 
ful  fulfillment  of  the  purpose  of  a  system.  Ex¬ 
ample:  The  inertial  guidance  subsystem  of  a 
ballistic  missile. 

e  System:  A  major  Integral  portion  of  a 
"Mission  System"  designed  to  enable  that  larger 
entity  to  fulfill  a  mission  requirement.  Exam¬ 
ples:  (1)  The  missile  in  a  ballistic  weapon  sys¬ 
tem;  (2)  the  spacecraft  in  an  orbiting  satellite 
system;  (3)  the  AGE  for  the  spacecraft;  (4)  the 
tracking  system  for  an  orbiting  satellite  system. 

e  Qualification:  That  portion  of  a  testing 
program  concerned  with  the  demonstration  of 
design  compliance  ta procurement  specifica¬ 
tions  (sometimes  called  Flight  Proof,  or  Certifi¬ 
cation,  or  both). 


INTRODUCTION 

In  the  various  institutions  of  learning  which 
teach  engineering,  the  student  is  exposed  to 
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many  ideals  of  his  future  profession.  One  of 
these  is  that  concerning  the  partnership  be¬ 
tween  design  and  experimental  effort  In  the  de- 
velq;>ment  of  a  product.  In  some  industries, 
this  partnership  may  still  exist,  but,  in  the 
aerospace  and  defense  field,  the  contributions 
of  the  experimentalist  to  hardware  development 
are  too  often  ignored  or  wasted,  or  both.  The 
traditional  position  of  the  experimentalist  in  the 
develc^ment  cycle  has  been  allowed  to  decay 
for  the  following  reasons: 

1.  Up  to  recent  times,  the  rapid  advances 
in  the  state  of  the  art  in  fields  like  vibration, 
acoustics,  shock,  space  simulation,  and  thermal 
balance  have  consumed  too  much  of  the  time  of 
available  experimental  personnel.  This  has  in¬ 
hibited  their  ability  to  keep  pace  with  test  sys¬ 
tems  and  hardware  advances. 

2.  Principal  develc^ment  activity  becomes 
centered  on  components  at  an  early  stage, 
thereby  forcing  a  last-minute-aspect  upon  sys¬ 
tem  level  problem  solution. 

3.  The  hardware  being  tested  has  increased 
in  complexity  to  the  point  where  functional  test 
equipment  has  become  a  separate  problem;  and 
the  specialists  work  in  this  area  alone.  These 
special  equipment  design  grotq)s  are  usually 
divorced  from  the  laboratories. 

4.  In  many  cases,  the  designer  has  shown 
a  tendency  to  assume  the  test  function,  in  spite 
of  obvious  objections  to  this  practice. 

Items  1,3,  and  4  in  this  list  either  are 
being  corrected  or  have  been  corrected  as  time 
passes,  but  a  change  in  approach  is  required 
for  item  2.  The  national  develq;>mental  effort 
continues  to  suffer  the  loss  of  the  contributions 
of  valuable  technical  personnel  as  long  as  this 
situation  exists. 

As  long  as  the  basic  testing  approach  in 
product  development  remains  component  cen¬ 
tered,  with  system  problems  considered  as  an 
afterthought,  real  contributions  from  the  labo¬ 
ratory  will  remain,  "Too  little  and  too  late." 

It  is  the  purpose  of  this  paper  to  explore  a 
simple  logical  expansion  of  the  ordinary  sys¬ 
tems  testing  effort  in  a  manner  devised  to  capi¬ 
talize  upon  the  unique  c^abllitles  of  eiqperi- 
mental  personnel.  The  paper  begins  by  briefly 
describing  a  typical  development  cycle,  eiqplor- 
Ing  its  limitations,  and  indicating  the  prevalent 
waste  of  valuable  talent.  The  increased  poten¬ 
tial  in  a  systeip  centered  effort  is  shown  to  be 
appreciable.  For  the  purposes  of  this  paper. 


the  vital  Quality  Control  testing  activities  will 
be  omitted  from  discussion. 


PRESENT  APPROACH 

A  key  factor  in  most  space  and  defense 
contracts  is  the  lack  of  time.  Money  is  usually 
available,  but  development  schedules  must  be 
compressed  continually  in  the  interests  of 
meeting  critical  delivery  dates.  The  concept  of 
a  design -experimental  team  activity  in  such 
circumstances  is  lost  in  the  race  to  deliver. 

The  familiar  design-test-redesign  cycle  of 
hardware  maturation  is  destroyed  and  great 
emphasis  must  be  placed  on  the  design  function 
because  the  test  contribution  becomes  one  of 
demonstration  rather  than  development.  This 
time  deficiency  is  difficult  to  overcome  at  the 
component  level  unless  a  determination  can  be 
made  as  to  where  component  test  emphasis 
should  be  placed.  In  the  vital  systems  area, 
some  relief  is  available,  if  experimental  capa¬ 
bilities  can  be  utilized  earlier  in  the  effort.  In 
the  present  development  cycle,  this  is  not  being 
done.  The  following  steps  usually  constitute  the 
present  develc^ment  cycle: 

Conceptual  Design— This  is  a  pure  p^er- 
and-pencil  effort  where  the  experimental  per¬ 
sonnel  are  usually  omitted  unless  the  customer 
demands  a  comprehensive  overall  test  plan.  In 
most  cases,  the  valuable  first-hand  knowledge 
of  recently  completed  tests,  on  the  previous 
generation  of  hardware,  is  either  lost  or  not 
spiled  until  later.  The  design  effort  starts  at 
a  system  level,  but  it  is  r!q>idly  broken  down  to 
the  component  level  to  permit  large  numbers  of 
designers  to  work  on  the  problem.  This  some¬ 
what  disjointed  design  period  is  where  system- 
oriented  experimental  personnel,  if  given  the 
opportunity,  could  be  most  profitably  employed. 

Design— The  concepts  are  reduced  in  this 
stage  to  drawings  and  the  experimental  pec^le 
begin  to  contribute  test  plans,  buy  facilities, 
and  design  special  test  equipment.  This  latter 
equipment  is  inevitably  behind  schedule  and  a 
panic  party  develops  because  it  was  not  started 
earlier.  This  unnecessary  situation  could  be 
avoided  if  the  experimental  personnel  could  be 
integrated  into  the  program  earlier.  The  major 
testing  effort  is  centered  at  the  component  level 
and  it  is  usually  limited  to  functional  consider¬ 
ations,  with  the  services  of  the  testing  labora¬ 
tories  available  to  the  component  designer. 

The  key  testing  personnel  are  still  marking 
time,  waiting  for  the  day  when  their  turn  will 
come.  At  this  time,  systems  evalatuon  is  usu¬ 
ally  deferred  until  component  problems  have 
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been  resolved.  This  can  be  a  fatal  error  for 
system  bugs  often  more  difficult  to  overcome. 

Component  Evaluation— At  this  stage,  envi¬ 
ronmental  tests  are  injected  Into  the  cycle  and, 
as  a  more  formal  evaluation  3ffort  gets  under¬ 
way,  serious  attempts  are  made  in  the  labora¬ 
tory  to  adhere  to  a  specification.  Because  of 
the  component-centered  approach  and  the  strong 
emphasis  on  structural  design,  this  latter  de¬ 
sign  area  is  often  emphasized  at  the  e;q>ense  of 
other  areas  where  the  predicted  failure  rate  is 
higher.  Modern  practice  has  demonstrated,  on 
many  types  of  contract,  that  the  black  box  sub¬ 
systems  cause  more  failures  in  service  than 
the  basic  structure.  If  systems  evaluations  are 
planned,  the  senior  experimental  planning  per¬ 
sonnel  begin  to  enter  the  program.  These 
pec^le  are  not  usually  involved  in  the  component 
efforts,  because  of  the  prevalent  practice  of 
using  the  laboratory  as  a  service  shop.  If 
component-level  qualification  tests  are  required 
in  this  program,  they  can  be  started  at  this 
point  for  those  components  which  do  not  have 
serious  development  problems.  Meanwhile, 
much  time  has  been  wasted  on  functional  over¬ 
development  at  the  component  level.  Functional 
specification  requirements  are  often  too  strin¬ 
gent  and  "Cadillac"  components  are  developed 
when  "Chevrolet"  hardware  would  do  the  job. 

Evaluation-It  is  during  this  phase  that  long 
duration  programs  benefit  from  the  senior  lab¬ 
oratory  personnel  because  they  begin  to  con¬ 
tribute  by  conducting  an  independent  evaluation 
of  the  equipment.  There  is  no  such  luxury  on 
rush  programs  where  this  effort  may  be  omit¬ 
ted  entirely  in  progressing  to  the  demcxistration 
tests  described  next.  One  complication  in  this 
evaluation  effort  is  the  probable  existence  of  a 
design  freeze  which  inhibits  most  attempts  at 
design  improvement.  The  best  efforts  of  the 
experimental  personnel  are  either  lost  or,  at 
least,  sharply  reduced  in  effectiveness  by  such 
a  condition.  The  other  bad  feature  about  this 
phase  of  the  cycle  is  the  questionable  condition 
of  the  hardware  available  for  test.  A  test  sys¬ 
tem  often  resembles  a  patchwork  quilt  of  hard¬ 
ware  vintages  and  conditions.  The  specimen 
integrity  is  such  that  test  results  are  often 
questioned  for  this  factor  alone. 

Demonstration— This  is  often  the  end  of  the 
line  for  the  engineering  function  with  Quality 
Control  assuming  responsibility  for  tests  be¬ 
yond  this  point  in  the  program.  The  laboratory 
is  expect^  to  produce  the  failure-free  comple¬ 
tion  of  a  systems  level  test  program  devised  to 
demonstrate  design  compliance.  The  state  of 
the  art,  in  this  area,  is  such  that  assurance  of 
design  compliance  often  cannot  be  provided  with 


tests  of  a  single  system.  The  complexity  of  the 
environment  has  created  such  problems  as 
equipment  wearout  on  long  tests,  the  need  for 
marginal  e]q>loratlons  (step-stress  testing),  the 
need  to  compress  time  schedules,  and  the  need 
for  specific  tests  where  relatively  crude  models 
must  be  used  (antenna  tests).  More  crucial 
time  is  consumed  at  this  stage  in  correcting 
mutual  compatibility  problems,  which  should 
have  been  cleared  up  earlier  in  the  development 
effort.  In  some  programs,  work  with  succeed¬ 
ing  modifications  must  be  done  with  this  same 
overtested  system.  Such  test  programs  often 
must  be  devised  on  the  basis  of  inadequate 
acquaintance  with  the  hardware.  The  risk  of 
failure  of  the  test  equipment  or  test  method,  or 
both,  is  often  higher  than  the  risk  of  test  hard¬ 
ware  failure.  Without  benefit  of  early  first¬ 
hand  acquaintance  with  the  hardware,  and  with 
inadequate  preparation  for  inter -component 
problems,  the  demonstration  is  often 
disappointing. 

All  of  this  presents  a  picture  of  well-staffed 
experimental  laboratories  becoming  involved  in 
testing  programs,  only  after  it  is  too  late  to 
best  use  their  recommendations  in  the  improve¬ 
ment  of  the  final  product.  This  gross  waste  of 
a  segment  of  the  available  skilled  technical 
manpower  should  be  stopped.  There  is  a 
method  of  (deration  which  will  permit  this  man¬ 
power  to  function  in  the  development  cycle  in  a 
timely  manner. 


PROPOSAL 

The  basic  idea  in  what  is  called  the  Expe¬ 
rimental  System  Analog  Approach,  is  to  place 
what  is  sometimes  used  as  a  design  tool  in  the 
hands  of  experimental  personnel  where  it  can 
be  of  greater  use.  Most  of  the  actual  work  on 
such  an  analog  is  experimental  rather  than  de¬ 
liberative  and,  as  such,  is  entirely  different 
from  that  usually  required  from  a  designer. 
When  designers  use  such  a  tool  exclusively, 
much  of  its  value  is  lost  in  the  limited  scope  of 
its  application. 

It  is  proposed  that  a  complete  system  ana¬ 
log  be  established,  as  early  as  possible  in  the 
development  cycle,  in  the  laboratory  areas. 
Features  of  this  rather  special  analog  must  be: 

•  Ease  of  substitution,  component  for  com¬ 
ponent,  as  real  hardware  becomes  available  in 
the  program. 

•  The  ability  to  segregate  a  component,  in 
operative  condition,  to  subject  it  to  a  variety  of 
environmental  stresses. 
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•  The  ability  to  install  the  entire  analog  In 
the  larger  test  facilities  when  preliminary  sys¬ 
tem  evaluations  sure  in  process. 

e  Extensive  instrumentation  for  readout. 

e  Capability  for  parametric  investlgaticm 
on  conq>onent  performance  as  well  as  simu¬ 
lated  responses. 

e  Adaptability  to  program  changes. 

Such  an  ai^roach  should  be  confined,  initi¬ 
ally,  to  programs  where  the  scope  can  Justify 
this  additi(Mial  sophistication,  but  future  utility 
can  be  broadened.  It  is  about  time  that  the  lab¬ 
oratory  areas  capitalized  on  the  versatility  of 
conqiuter  syiproaches  in  areas  other  than  data 
processing  and  automated  Go  -  No  Go  test  con¬ 
trol.  The  extreme  flexibility  of  the  analog  can 
broaden  the  e}q>erimental  capability  without  un¬ 
usual  magnification  of  experimenUd  costs.  In 
the  long  run,  savings  may  be  realized  by  the 
use  of  these  methods. 

A  gross  advantage  which  cannot  be  over¬ 
emphasized  is  the  restoration  of  the  independent 
system  level  evaluation,  in  a  timely  manner,  on 
programs  where  it  is  really  needed.  The  ex¬ 
perimental  personnel  will  te  able  to  e^lore  the 
systems  concepts  when  something  has  been 
done  about  the  problem  areas  in  mutual  com- 
patabllity,  and  so  on. 


NEW  OPERATION 

This  technical  specialty,  which  is  some¬ 
times  called  the  environmental  field,  has  been 
beset  with  a  number  of  magic  words  in  recent 
years,  the  ultimate  reaction'to  which  has  been 
detrimental.  Words  like  random  vibration,  re¬ 
liability,  human  factors,  and  maintainability 
have  served  some  initial  purpose,  but  severe 
abuse  of  these  terms  has  detract^  from  thoir 
significance.  It  seems  that  the  latest  of  these 
is  "systems  test."  It  is  indeed  regretable  that 
such  a  powerful  tool  of  evaluation  should  have 
to  develop  in  such  an  atmosphere.  Most  engi¬ 
neers  would  like  to  see  some  genuine  technical 
benefit  occur  from  the  use  of  systems  level 
techniques  without  the  accompanying  fund  rais¬ 
ing  ballyhoo.  In  view  of  the  session  devoted  to 
this  subject  at  this  31st  Symposium  and  articles 
and  editorials  in  recent  publications,  one  might 
ask  "What  is  all  of  the  fuss  about  systems  test¬ 
ing?"  Many  laboratories  have  been  running 
tests  on  a  systems  level  for  years  without  any 
special  notice  of  it.  There  must  be  some  spe¬ 
cial  additional  gain  to  be  realized  in  this  area. 
The  real  gain  is  linked  to  the  improved 


performance  which  is  available  with  lull  e^lo- 
ratlon  of  a  systems  altitude,  and  attitude  is  es¬ 
sential  to  success  in  this  effort.  In  the  specifi¬ 
cations  area  alone,  it  must  be  realized  that 
systems-level  shock,  vibration,  acoustic,  tem¬ 
perature,  and  vacuum  test  specifications  can  be 
much  more  realistic  than  comparable  conqponent- 
level  specifications.  This  is  particularly  true  at 
an  early  development  stage.  It  is  not  possible  to 
investigate  compatability  problems  on  a  better 
basis  and  electromagnetic  interference  testing 
(EMI)  is  virtually  meaningless  on  the  component- 
level.  In  many  ways,  a  better  Job  of  evaluation 
can  be  done  at  the  systems  level  and  the  e]q;>eri- 
mental  analog  enhances  the  ability  to  work  at 
this  level  in  a  timely  manner.  The  following 
paragr^hs  describe  how  the  Eiqperimental  Sys¬ 
tem  Analog  Approach  can  show  real  product 
improvement  contributions  on  a  development 
program  in  a  manner  now  largely  ignored: 

Conceptual  Design 

The  systems  level  foundation  work  is 
translated  into  a  computer-based  analog  for  the 
study  of  parametric  responses  as  soon  as  com¬ 
ponent  breakout  occurs.  If  known  sets  of  hard¬ 
ware  from  earlier  programs  are  to  be  used,  the 
actual  hardware  can  be  inserted  in  the  analog. 
This  analog  should  be  used  in  the  laboratory  by 
experimental  personnel  in  order  to  exploit  fully 
their  intuitive  understanding  of  the  e^qperimental 
method.  The  use  of  a  purely  functional  analog 
by  design  personnel  has,  in  the  writer's  opinion, 
produced  inadequate  gains  in  the  recent  past. 

The  use  of  dynamic  analogs  for  vibration  prob¬ 
lem  areas  has  done  little  to  enable  the  designer 
to  overcome  his  basic  limitations  when  making 
assumptions  in  this  field.  The  original  assump¬ 
tions,  in  most  cases,  cannot  be  modified  easily 
as  the  program  matures.  As  . a  design  tool,  this 
invaluable  analog  equipment  exhausts  its  useful¬ 
ness  early,  and  much  of  its  ultimate  value  can 
be  lost  because  of  this.  It  is  the  writer's  con¬ 
viction  that  this  demonstration  has  been  the 
result  of  a  need  for  investigative  rather  than 
deliberative  e^rience  on  such  equipment. 
Feedback  from  this  analog  should  enter  the  de¬ 
sign  area  continually  and  in  a  timely  manner. 

This  analog  also  will  serve  as  a  means  to  train 
evaluation  personnel  to  permit  more  independ¬ 
ent  functional  evaluations  where  they  are  re¬ 
quired.  (In  the  normal  program,  the  designer 
must  accompany  the  equipment  into  the  labora¬ 
tory  because  no  trained  personnel  pool  exists.) 

Design 

As  component  definition  improves,  more 
and  more  hardware  will  replace  computer 
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elements  in  the  system  analog.  System  param¬ 
eters  will  become  more  meaningful  as  the  as¬ 
sumptions  become  more  realistic.  More  and 
more  reactive  feedback  between  the  design  and 
experimental  organizations  will  provide  mutual 
benefit  in  the  form  of  trained  personnel,  better 
hardware  and  better  preparation  to  test  the 
hardware  when  it  is  required  to  do  so. 


Component  Evaluation 

This  entire  effort  will  become  more  mean¬ 
ingful  because  efforts  can  be  concentrated 
where  they  are  needed.  Problems  of  Interac¬ 
tion,  and  so  on,  will  have  been  resolved  on  the, 
now,  semi-analog,  and  the  analog  can  be  used 
as  a  tool  for  greater  realism  when  the  compo¬ 
nents  are  tested.  Thermal  test  results,  which 
are  questionable  under  some  present  programs, 
can  made  more  realistic  and  the  results  can 
be  much  more  useful. 


Evaluation 

Here,  concentrated  early  efforts  can  show 
some  results,  and  the  analog  will  come  into  its 
own  as  a  testing  tool.  Experience  in  its  use 
will  have  sharpened  the  ability  to  make  the  as¬ 
sumptions  and  the  analog  will  make  an  excellent 
response  stimulator  for  the  system  under  test. 
Feedback  from  inertial  and  aerodynamic 
sources  will  be  available,  when  it  is  required, 
for  the  exercise  of  the  hardware  under  test  en¬ 
vironments.  Instead  of  using  vintage  hardware, 
the  analog  components  may  be  updated  by  pa¬ 
rameter  adjustment  with  improved  tests  of  the 
remaining  real  hardware. 


Demonstration 

The  improved  ability  to  exercise  a  com¬ 
pleted  system  will  become  an  asset  in  the  dem¬ 
onstrative  test  pliases.  A  wider  range  of  stim¬ 
uli  are  to  be  e^qpected  and  parametric  extremes 
can  be  used  in  the  tests.  An  additional  advan¬ 
tage  lies  in  the  further  development  of  the  sys¬ 
tem  by  means  of  the  analog.  Component  perform¬ 
ance  parameters  can  be  changed  conveniently 
as  well  as  the  various  stimuli.  With  the  actual 
test  hardware,  this  is  often  difficult.  It  is  even 
possible  to  accelerate  the  test  effort  by  making 
it  possible  to  finish  a  test  run  with  the  analog 
component  in  place  of  a  failed  one.  This  can 
enable  the  program  to  salvage  manhours,  mate¬ 
rials,  and  time  which  would  be  lost  in  a  major 
test  shutdown.  The  greatly  reduced  failure  risk 
will  result  from  the  improved  knowledge  status 
in  the  experimental  areas. 


a 

Key  Advantages 

The  brief  discussion  presented  herein 
should  provide  an  insight  into  the  potential  of  a 
correctly  applied  Experimental  Systems  Analog 
approach.  Much  more  can  be  said  when  a  spe¬ 
cific  problem  is  discussed.  The  generalized 
problem  should  point  out  the  key  advantages, 
which  are: 

e  Better  use  of  skilled  evaluation  person¬ 
nel  in  the  development  of  better  hardware. 

e  Superior  test  methods  because  of  more 
complete  parrametric  investigations. 

e  Better  environmental  simulation  in  key 
areas  like  vibration  and  thermal  testing.  This 
is  based  upon  the  innate  ability  to  write  better 
systems  specifications. 

e  The  possibility  of  saving  accumulated 
test  hours  when  a  single  component  failure 
occurs. 


SUMMARY 

A  very  brief  discussion  has  been  presented 
on  the  use  of  an  E]q;>erlmental  System  Analog  in 
the  early  phases  of  a  hardware  development 
program.  This  is  presented  in  terms  of  a  posi¬ 
tive  suggestion  and  in  no  sense  should  the  test 
effort  be  used  to  replace  sound  design.  No 
amount  of  evaluation  can,  by  Itself,  create  bet¬ 
ter  hardware.  The  testing  does  provide  a  vital 
form  of  feedback  which  has  deteriorated  in 
present  day  rush  programs.  It  is  tlie  writers 
contention  that  the  feedback  loop  should  be  re¬ 
shaped  and  reclosed.  The  alternative  is  the 
present  situation  where  test  results  on  Pro¬ 
gram  A  can  only  effect  the  hardware  of  Pro¬ 
gram  B.  (In  too  many  cases  Program  B  is  in 
the  hands  of  another  contractor  and  the  e;q;>eri- 
ence  gained  from  Program  A  is  never  fully 
utilized.) 

In  order  to  accomplish  the  objectives 
claimed  for  the  Experimental  Systems  Analog 
approach,  the  laboratory  of  today  will  have  to 
change  somewhat.  The  computer  must  become 
a  vital  tool  in  such  a  laboratory  and  it  will  do 
much  of  the  routine  work.  Properly  used,  it  is 
possible,  now,  to  have  routine  service  tests  nm 
by  simple  computers  having  preset  failure  pa¬ 
rameters  and  corrective  programs.  The  man¬ 
ager  of  such  a  laboratory  will  have  to  broaden 
his  hiring  base  to  include  personnel  enable  of 
designing,  constructing  and  utilizing  the  sys¬ 
tems  analog.  The  average  engineer  in  such  a 
laboratory  will  become  versed  in  the  functimal 
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aspects  of  a  system  under  test  as  well  as  the 
environmental  parameters  to  which  the  system 
will  be  exposed.  This  new  breed  of  evaluator 
will  restore  the  ability  of  the  laboratory  to  con 
tribute  to  hardware  development  by  the  use  of 
the  same  tool  which  has  freed  the  conceptual 
designers  hands  for  more  advanced  effort. 


The  costs  of  experimental  systems  analog 
programs,  like  that  described  previously,  will 
restrict  their  initial  use  to  larger  programs 
where  the  added  cost  can  be  Justified.  When  the 
basic  equipment  becomes  available  in  a  given 
laboratory,  it  will  be  possible  to  adapt  it  to  a 
wider  range  of  test  programs. 


DISCUSSION 


Mr.  R.  Jones  (Mmlrap:  You  gave  the  im- 
presslon  in  your  talk,  and  I  think  I  have  a  tend¬ 
ency  to  agree  with  you,  that  designers  are  very 
untrustworthy  hobbyists. 

Mr.  Yaeger:  No.  I'm  sorry  if  I  did  give 
that  Impression.  The  only  thing  I  feel  is  that  it 
is  unwise  to  have  any  designer,  including  my¬ 
self,  evaluate  his  own  hardware.  I  think  this  is 
a  highly  unsatisfactory  condition.  I  also  feel 
that  we  should  attempt  to  turn  experimental 
work,  in  the  case  of  the  use  of  an  analog,  over 
to  peq;>le  who  by  nature  are  experimental  rather 
than  deliberative  in  their  basic  work.  The  de¬ 
signer  deliberates  or  decides  between  various 
objectives  and  various  things  that  he  Intends  to 
use,  while  the  laboratory  person  must  try 
things.  I  think  that  if  perhaps  we  tried  this  ex¬ 
perimental  technique  once  with  the  use  of  a 
systems  analog,  that  we  might  get  greater  bene¬ 
fits  from  the  analog.  I  have  a  great  deal  of  re¬ 
spect  for  designers.  I  know  quite  a  few  of  them 
and  I've  tried  to  get  along  with  them  as  well  as 
I  can. 

Mr.  Jones:  Are  you  not,  by  following  this 
approach,  simply  taking  this  hobbyist  facility 
away  from  the  designer  and  putting  it  some¬ 
where  else? 

Mr.  Yaeger:  In  a  sense,  yes,  because  I'm 
firmly  convinced  we  can  do  more  with  it  there. 
That  doesn't  necessarily  mean  that  we  should 
throw  the  designer's  analog  out,  but  I  think  his 
basic  utility  of  it  is  exhausted  at  too  early  a 
phase  in  the  program.  This  is  the  whole  point. 

I  think  we  should  carry  this  into  the  testing 
laboratory  because  I  think  it  can  be  of  tremen¬ 
dous  use  to  us  there. 

Mr.  1.  Sandler  (Autonettcs);  I  don't  have  a 
good  feeling  for  the  analog  experimental  or  the 
designer  analog  as  of  right  now.  I  wish  you 
would  clarify  this. 

Mr.  Yaeger:  Well,  usually  the  designer's 
use  of  an  analog  is  restricted  to  functional 
considerations.  He  uses  it  as  a  tool  to  com¬ 
pare  performance  parameters  of  Individual 


components.  He  has  something  which  acts  like 
a  guidance  computer  but  which  isn't  actually  a 
guidance  computer.  It  takes  the  Inputs,  let's 
say  It  simulates  the  responses  of  a  guidance 
computer  to  the  inputs  which  a  guidance  com¬ 
puter  gets. 

Mr.  Sandler:  Well  would  this  be  similar  to 
an  analog  computer  which  is  taking  the  place  of 
each  component  and  you  integrate  the  analog 
component? 

Mr.  Yaeger:  In  a  sense  it  might,  I  say 
analog,  actually  I'm  too  restrictive  in  the  term. 
It  might  well  be  that  you  would  use  digital  com¬ 
ponents  for  certain  items. 

Dr.  Irwin,  Chairman  (NHL):  Could  I  ask  a 
question?  This  may  be  naive,  but  is  there 
some  difference  between  what  you  mean  by  an 
analog  and  what  we  used  to  call  a  breadbowd 
model? 

Mr.  Yaeger:  There  can  be  quite  a  bit.  We 
would  place  provisions  into  the  analog  so  that 
we  could  simulate  things  like  aerodynamic  and 
inertial  reqtonses  of  reactive  components  to 
the  environment.  When  one  is  working  on  a 
system-level  he  must  consider  this.  If  it  is  a 
breadboard  of  a  given  component,  it  is  usually 
electrical  input  to  electrical  output. 

J.  Bakallsh  (Martin  Denver):  You  spoke  of 
a  deliberative  effort.  Have  you  considered  put¬ 
ting  this  deliberative  effort  in  someone  elses 
rather  than  Just  the  designers  hands? 

Mr.  Yaeger:  No,  that's  his  Job.  His  Job  is 
essentially  making  decisions  between  compo¬ 
nents  and  what  he  Intends  to  put  in  the  system 
when  he  designs  it. 

Mr.  Bakallsh;  Well,  I  was  thinking  from 
the  standpoint  of  deliberative  efforts  in  analyz¬ 
ing  his  problem  and  coming  up  with  possible 
data  that  would  lead  to  a  better  conclusion. 

Mr.  Yaeger;  If  you  are  talking  about  analy¬ 
sis  or  design  problems,  I  think  these  are  pretty 
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much  his.  If  you  are  talking  about  eiqierimen- 
tally  investigating  the  equipment  he  comes  up 
with  to  determine  if  it  does  the  job  satisfac¬ 
torily  or  not,  that's  basically  the  testing  labo¬ 
ratory's  problem.  Perhaps  I've  misunderstood 
your  question. 

Mr.  Bakalish;  I  was  thinking  of  an  instance 
where  you  have  a  problem  within  the  overall 
component,  in  which  the  component  itself  may 
do  the  job,  but  you  are  having  a  problem  with  a 
subcomponent  or  part  of  the  design. 

Mr.  Yaeger:  The  problem  in  this  sense, 
we  touched  on  it  this  morning,  is  that  in  devel¬ 
oping  systems,  particularly  at  the  rapid  rate  we 
have  to  do  nowadays,  we  find  out  that  some  of 
the  hardware  is  available  the  day  the  system  is 
designed  because  we've  used  it  on  the  last  pre¬ 
vious  set  of  hardware  of  this  type.  A  lot  of  it  is 
not  available  sometimes  until  the  day  we  de¬ 
liver  it,  as  far  as  testing  it  is  concerned.  Our 
whole  testing  effort  sometimes  is  slowed  down 
and  geared  down  because  we  have  no  means  of 
testing  a  lot  of  the  equipment.  It  simply  just  is 
not  there.  Whereas,  if  we  had  something,  in  the 
laboratory,  which  resembled  a  system  and  would 
enable  us  to  test  the  hardware  that  is  available, 
then  we  could  step  the  whole  thing  down  stream 
somewhat,  at  least  get  the  testing  effort  off  the 
ground  early  enough  in  the  program  so  that  we 
could  profit  from  it. 


D.  Sing  (Bell  Aerosystems):  I  would  like 
to  defend  the  designer.  Unfortunately,  I  think  it 
is  the  designer's  responsibility  whether  or  not 
the  thing  works,  not  the  experimenter's.  There 
is  one  other  comment  I  have  to  make— there  is 
such  a  thing  as  a  systems  engineer.  Now  is  not 
this  his  responsibility  rather  than  that  of  the 
test  department? 

Mr.  Yaeger:  This  varies  from  organiza¬ 
tion  to  organization.  When  you  use  a  semantic 
term  like  system  engineer,  I  know  what  this 
means  right  now  at  GE,  I  work  for  one,  but  what 
this  may  mean  at  Bell  Aircraft  nowadays  I  dci/t 
know.  The  one  I  work  for  has  chiefly  a  coordi¬ 
nating  function.  He  does  not  actually  do  any  di¬ 
rect  work.  He  or  his  pec^le  run  around  and  get 
answers  from  other  people  about  what  other 
people  are  deciding  to  do. 

Mr.  Newhouse  (Marquardt):  But  isn't  this 
really  an  organizational  problem  that  you  are 
talking  about?  We  work  as  a  develq;>ment  team 
which,  I  would  gather,  you  classify  as  experi¬ 
mental  with  designer  right  on  the  board  as  a 
member  of  the  team  along  with  the  analysis 
group.  As  we  work  together  past  experience  is 
brought  right  in  on  the  initial  design. 

Mr.  Yaeger:  This  is  splendid.  I  haven't 
seen  too  many  organizations  to  do  this.  More 
power  to  Marquardt. 
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Henry  J.  Schwabe 

Lockheed  Missiles  and  Space  Company 
Sunnyvale,  California 


This  paper  describes  the  initial  use  of  electrodynamic  shakers  to  sim¬ 
ulate  black  box  transients  in  the  POLARIS  flight  environment.  The  re¬ 
sults  indicate  the  measure  of  success  in  generating  arbitrary  pulse 
shapes.  The  shaker  responses  obtained  by  photographic  time-plots 
were  free  of  distortion  and  were  repeatable  in  all  aspects. 


INTRODUCTION 

Several  approaches  are  used  lor  simulating 
the  shock  environment  experienced  by  missile 
structure.  To  date,  the  state  of  the  art  has 
been  limited  primarily  to  test  simulations  by 
electrodynamic  shakers  or  in^nct  devices  us¬ 
ing  singular  positive  pulse  function  iigmts  such 
as  hall-sine,  triangle,  sawtooth,  and  others. 

The  question  may  be  asked:  are  these  shock 
techniques  satisfactory  from  the  standpoint  of 
realistic  simulation  of  a  missile's  ground  and 
flight  transient  environment?  The  answer  to 
this  question  must  be  stated  in  terms  of  the  de¬ 
gree  of  expected  environmental  fidelity. 

The  test  approach  to  be  discussed  consists 
of  the  triplication  of  arbitrary  shock  waveforms 
as  input  to  an  electrodynamic  shaker  system. 
These  shock  waveforms  realistically  described 
the  POLARIS  missile  ground  or  flight  environ¬ 
ment.  This  approach  has  several  pronounced 
advantages  over  present  test  meth^s.  These 
advantages  are  enumerated  as  follows: 


*Performed  under  Bureau  of  Naval  Weapons 
Contract  NOrd  17107. 
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1.  Stresses  are  reproduced  on  a  time- 
dependent  basis  similar  In  character  to  the 
stresses  incurred  during  logistic,  launch,  and 
flight  patterns.  These  stress  cycles,  consider¬ 
ing  functional  modes  of  failure,  establish  a  re¬ 
alistic  test  concept  and  the  singular  positive 
pulse  shapes  do  not.  The  question  of  whether 
this  failure  would  have  occurred  during  actual 
flight  environment,  always  arises  in  the  event 
of  a  functional  failure  under  singular-pulse  test 
conditions.  In  other  words,  functional  failures 
may  occur  under  singular-pulse  test  conditions, 
but  not  during  actual  flight  environment,  luid 
vice  versa.  To  minimize  any  doubts  of  this  na¬ 
ture  from  test  to  test,  primary  importance  was 
givoi  to  the  distortion  characteristics  between 
the  shaker's  ixqmt  and  response  functions,  sta¬ 
bility  of  the  function  gmerator,  and  repeatabil¬ 
ity  of  the  intended  real-time  acceleration. 

2.  The  stored  energies,  inherent  in  the 
simulated  arbitrary  shock  waveform  and  the 
singular  positive  shock  pulse,  are  dissimilar  in 
their  dissipation. 

3.  Selection  of  the  proper  half- sine  pulse 
or  similar  singular  pulses  as  an  envelope  of  a 
given  shock  spectrum  generally  compromises 
the  system.  Adjustments  must  be  made  in  fit¬ 
ting  these  curves  which  inherently  cause  mis¬ 
sile  components  to  be  either  severely  under-  or 
over-tested  in  particular  frequency  bands.  The 
(qitlmization  of  the  shock  test  requirements  by 
this  vpi^osch  has  an  important  impact  on  the  de- 
vek^ment  and  reliability  of  missile  equipment. 
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SHOCK  SIMULATION  SYSTEM 

The  shaker  eystem  used  for  the  initial  se¬ 
ries  of  tests  consisted  of  a  Ling  Model  177A, 
SOOO-force-pound  shaker  and  an  appropriate 
electronic  power  amplifier.  This  system  was 
designed  to  qperate  in  a  frequency  range  of 
from  20-  to  2000-cps.  The  shaker  armature 
weighs  aiq>roximately  92  pounds. 

The  compensating  network  required  for  the 
correction  of  shaker  resonance  and  phase  angle 
was  made  up  of  capacitance  and  resirtance  dec¬ 
ade  boxes.  More  sophisticated  compensating 
networks  could  hare  been  selected  for  these 
tests.  It  was  felt,  however,  that  for  proving  the 
feasibility  of  sho^  simulation,  simpler  black 
boxes  were  adequate. 

A  photocell  function  reproduction  technique 
was  selected  as  the  most  proficient  means  for 
electronically  reproducing  the  required  com¬ 
plex  wave  pulse.  This  technique  of  reproduction 


is  not  unique.  It  was  Initially  conceived  as  a 
function  generator  for  analog  computer  work. 
Even  its  use  in  conjunction  with  shock  simula¬ 
tion  is  not  new.  ^  However,  in  designing  and 
checking  out  this  new  photocell  function  gener¬ 
ator  (Figs.  1  and  2),  particular  attention  was 
given  to  overcoming  the  unfavorable  aspect  of 
controlling  the  electrcm  beam.  A  detailed  de¬ 
scription  of  the  photocell  function  generator 
may  be  found  in  the  Appendix. 


TEST  PROGRAM 

The  test  program  designed  to  establish  the 
feasibility  of  this  method  of  shock  simulation 
was  simple,  yet  comprehensive  in  all  aqpects. 
A  progressive  step-by-step  approach  was 
adopted  to  ensure  continued  control  over  the 
e]q|>erlment. 

Three  conditions  of  shaker  loading  were 
applied:  bare  shaker  table,  20  pounds  of  rigid 


(b)  •  Photocell  with  shroud 


Fig.  1  -  Photocell  assembly' 
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body  mass,  41  pounds  of  fixture  including  elas¬ 
tic  mass  attachments,  and  34  pounds  supple¬ 
mentary  rigid  mass.  Duration,  level,  and  pulse 
forms  were  monitored  by  plotting  the  output  of 
two  accelerometers  on  an  oscilloscope.  One 
accelerometer  was  mounted  on  the  shaker  table 
and  the  other  on  the  rigid  mass  or  fixture.  The 
resulting  traces  were  recorded  by  a  Polaroid 
Land  Camera.  This  method  of  recording  was 
felt  to  be  sufficient  for  initial  data  analysis  of 
input  and  response  shock  simulation  traces. 

Three  typical  POLARIS  in-flight  transient 
pulse  shapes  were  selected  for  the  shake  tests. 
These  pulse  shapes  were  selected  oh  the  basis 
of  their  diverse  characteristics  in  durations. 


frequency  content,  and  differential  acceleration 
amplitudes.  These  shock  waveforms  were  in¬ 
tended  to  cover  the  broad  spectrum  of  POLARIS 
missile  shock  history.  Figure  3  shows  the 
acceleration-time  plots  of  these  three  model 
shocks.  Figure  4  illustrates,  in  detail,  the  in¬ 
strumentation  and  equipmant  used  in  this  shock 
simulation  study. 


TEST  PROCEDURE 

To  obtain  repeatable  as  well  as  properly 
shaped  shock  data  in  the  test  laboratory,  strin¬ 
gent  control  must  be  exerted  on  all  key  equip¬ 
ment  involved  in  the  test  setup.  A  method  for 


Fig.  2  -  Photocell  fanction  generator  inetrumentation 
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controlling  the  characteristics  of  the  electrical 
analog  input  function  is  essential.  This  is  nec¬ 
essary  so  that  exciter  response,  in  the  form  of 
table  acceleration,  can  be  shaped  to  the  desired 
waveform. 

U  the  vibration  exciter  system  is  considered 
as  an  open-loop  system,  the  acceleration  ou^Dut 
of  the  shaker  is  the  controlled  variable  and  the 
iig>ut  electrical  analog  function  the  reference 
ii^t.  The  transfer  function  characteristics  in¬ 
herent  in  the  system  must  be  evaluated  and 
corrected.  This  must  be  performed  before  any 


definite  regulation  of  the  controlled  variable  or 
shaker  table  acceleration  waveform  can  be  ac- 
cong>lished.  In  the  case  of  vibration  exciters, 
transfer  function  correction  requirements 
change  with  both  shock  pulse  frequency  and 
table  loading.  During  this  test  program,  the 
method  employed  for  compensation  or  transfer 
function  correction  consisted  of  building-up  an 
electrical  analog  compensating  netwoiic.  The 
network,  as  part  of  the  loop,  was  installed  be¬ 
tween  tlw  electrical  analog  function  generator 
and  the  master  gain  control  at  the  iiqmt  to  the 
exciter  power  ang>lifier.  The  conq>ensation 


network  was  completely  flexible  and  would 
conm>ensate  through  a  broad  dynamic  range. 

Evaluation  of  this  compensation  networic, 
with  a  simulated  shaker  in  electrical  analog 
form,  showed  that  its  condensation- range- 
coverage  exceeded  the  most  severe  exciter  load 
condition  which  could  conceivably  te  aq;>eri- 
enced  from  the  three  shock  models.  The  net¬ 
work  had  the  capability  of  equalizing  or  com¬ 
pensating  for  poor  exciter  response  and  was 
capable  of  providing  electrical  damping  and 
phase  angle  corrections. 

For  practical  reasons,  the  transfer  function 
necessary  to  compensate  the  power  andlifier 
iidut  slg^  was  determined  esqierimentally  at 
a  low  acceleration  level.  This  was  accomplished 
by  comparing  the  grsdhic  presentation  of  the 
prescribed  pulse  slude  and  the  resulting  un¬ 
compensated  shaker  response  transient. 

After  the  first  attend!  at  compensation  had 
been  made,  a  second  shock  pulse  was  generated 
and  siderimposed  over  the  initial  trial  pulse. 
This  process  can  be  repeated  as  often  as 


necessary  to  allow  for  the  highest  degree  of 
satisfactory  compensation.  Once  the  waveform 
was  cleared  of  distortion,  the  power  amplifier 
gain  was  raised  to  the  predetermined  test  level. 


TEST  RESULTS 

The  test  records  (Figs.  5-26)  derived  from 
the  two  or  more  accelerometers,  are  arranged 
in  order  of  test  sequence  as  the  shaker-loads 
were  increased  in  severity:  bare  table,  20- 
pound  rigid  mass,  41-pound  test  fixture  (includ¬ 
ing  some  elastic  masses),  and  34-pound  rigid 
mass.  For  the  study  of  distortion  characteris¬ 
tics  and  determination  of  compensation  settings, 
uncompoisated  traces  were  obtained  for  each 
shaker  load  and  prescribed  transient  function 
combination.  Also  in  some  instances,  the  sweep 
rate  of  the  function  generator  was  varied  for 
some  of  the  combinations  to  assure  the  best 
resolution  of  the  point  trace.  To  date,  none  of 
the  response  data  has  been  recorded  on  Uq>e. 

It  was  felt  that  the  photo  recording  technique 
would  be  adequate  to  establish  the  feasibility 
of  this  shock  simulation. 
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Fig.  5  -  Bare  table  response  characteristics  of  5000-force-pound  exciter  to  function  No. 
without  input- signal  compensation  or  shaker  equalization 
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Fig.  26  -  Response  of  5000-force-pound  ex¬ 
citer  to  function  No.  2  with  a  41 -pound  test 
fixture  and  with  compensation  (two  shock 
waveforms  180  degrees  out  of  phase  plus  a 
reference  trace) 


As  a  matter  of  record,  a  Fourier  analysis 
was  perform^  on  a  function  No.  2  transient 
wave  siuyie  to  define  its  individual  frequency 
contents.  This  analysis  is  shown  in  Figure  27. 

The  records  (Figs.  5-26)  were  systemat¬ 
ically  arranged  to  demonstrate  the  degree  of 
distortion  and  subsequently  the  effects  of  com¬ 
pensation  and  equalization.  Even  with  increas¬ 
ing  complexity  of  shaker  loads  with  elastic 
masses,  the  simple  compensating  network  was 
able  to  cope  with  the  situation  for  the  three  given 
shock  pulses.  The  similarity  between  the  input 
and  response  functions  is  based  on  the  compat¬ 
ibility  of  the  two  graphic  forms,  and,  thus, 
firmly  establishes  the  feasibility  of  this  method 
of  shock  simulation.  Records  taken  from  tests 
conducted  under  equally  controlled  conditions 


Indicate  adequate  repeatability  to  ensure  proper 
control  of  qualification,  reliability,  and  en^eer- 
ing  evaluation  test  programs. 

In  the  course  of  the  development  of  the 
pulse  function  generator  in  the  laboratory,  at¬ 
tention  was  devoted  to  the  features  of  adjusting 
and  controlling  the  generator.  Particular  men¬ 
tion  was  made  in  Ref.  2  regarding  difficulties 
encountered  in  adjusting  and  in  maintaining  ad¬ 
justments  through  repeated  sq>plicatlon  of  the 
generator.  It  can  be  stated  with  assurance  that 
none  of  these  difficulties  were  encountered  in  a 
large  number  of  tests.  A  further  disadvantage 
of  the  use  of  the  photocell  function  generator  is 
mentioned  in  Ref.  2;  that  is,  excessive  shaker 
amplitude  in  the  event  of  loss  of  control  of  the 
electron  beam.  With  prc^r  instrumentation, 
this  event  has  a  small  margin  of  probable  oc¬ 
currence  and,  if  desired,  electronic  safeguards 
can  be  taken  against  that. 

The  fact  that  the  application  of  this  type  of 
shock  simulation  is  not  new,  is  pointed  out  in 
Refs.  1  and  2.  What  is  new,  however,  is  the  in¬ 
troduction  of  a  realistic  shock  pulse  tailored  to 
ground  and  flight  test  conditions.  The  unique¬ 
ness  of  this  method,  as  compared  with  present 
positive  shock  pulse  shape  af^lications,  is  in 
the  laboratory  reproduction  of  the  exact  com¬ 
plex  transient  wave  shapes  that  are  typical  of 
POLARIS  ground  and  flight  environment. 


ADVANTAGES  AND  DISAD¬ 
VANTAGES 

Advantages 

•  Environmental  optimization  of  shock 
simulation;  this  avoids  over-  and  under-testing 
with  the  customarily  chosen  positive  shock 
pulses,  particularly  in  the  case  of  shock- 
mounted  test  items. 

•  The  shaker  system  can  be  readily  set  19 
and  checked  out  at  low  acceleration  amplitudes, 
and  the  shock  form  can  be  r^eated  effectively 
at  the  100-percent  acceleration  level. 

•  The  simplification  of  directional  shock 
testing. 

•  The  selection  of  single  test  fixtures  and 
test  settQis  for  shock  and  vibration  simulations. 


•  Economy  of  shaker  equipment  utility  and 
conservation  of  floor  q>ace  otherwise  devoted  to 
singular  purpose  shock  equipment. 
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Disadvantages 

•  Acceleration  limitations  at  very  low 
frequencies  as  a  function  of  maximum  shaker 
displacement.  This  limitation  should  not,  how¬ 
ever,  become  a  detriment  since  the  missile 
shock  evmits  generally  have  low  acceleration 
amplitudes  at  the  lower  frequencies;  and,  fur¬ 
ther,  a  long  stroke  shaker  could  be  designed. 

e  The  high  frequency  limit  is  governed  by 
the  compensating  network  employed.  It  is  an¬ 
ticipated,  based  on  e:q>erience  to  date,  that  a 
ISOO-cps  frequency  limit  can  be  obtained  with 
present  commercial,  specialized  instrumenta¬ 
tion. 


CURRENT  DEVELOPMENTS 

fecial  note  should  be  given  to  the  shock 
pulse  model  to  be  used  for  the  proposed  shock 
simulation.  A  particular  shock  event,  when 
simulated  in  the  laboratory,  should  be  founded 
on  a  statistically  extreme  environment,  which 
can,  under  any  actual  condition,  be  exceeded 


only  by  a  predetermined  percentage.  For  obvi¬ 
ous  reasons,  a  single  flight  data  set  is  not  suf¬ 
ficient  to  describe  the  simulated  shock  environ¬ 
ment.  Mr.  G.  Warren  Painter  of  Lockheed 
Aircraft  Corporaticm,  Burbank,  California,  is 
presently  studying  the  problem  of  deriving  a 
representative  shock  noodel  by  synthesis  of 
several  measured  shock  data  sanqiles  of  a  sin¬ 
gle  population.  The  success  of  this  shock  model 
investigation  and  electrodynamic  shaker,  shock- 
simulation-technique  will  enlarge  the  scope  of 
present  shock  testing;  in  particular  from  two 
dimensions  of  the  singular  positive  shock  pulse 
(acceleration  and  frequency)  to  three  dimensions 
of  the  arbitrary  complex  shock  pulse  (acceler¬ 
ation,  frequency,  and  repeated  number  of  accel¬ 
eration  peaks).  The  third  dimension  has  a  pro¬ 
nounced  affect  on  the  functional  failures  of  the 
missile  equipment. 


Future  Investigations 

The  method  of  simulation  by  arbitrary 
shock  pulses  in  an  electrodynamic  shaker  sys¬ 
tem  has  been  proved  feasible  and  thus  further 
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Fig.  27  •  Plot  of  the  Fourier  transform  data 


investigation  is  warranted.  Such  an  Investiga¬ 
tion  will  feature: 

e  The  introduction  of  a  commercially 
a\'ailable  shaker  compensating  and  equalization 
network. 

e  Extension  of  the  shaker  system  to  25,000 
and  28,000  force-pounds. 

e  Inqirovement  of  recording  techniques  to 
afford  an  Immediate  ^>ectral  read-out  of  the 
transient  model  and  shaker  req>onse  for  com¬ 
parison  of  the  two  q>ectra. 

e  Extension  of  the  test  approach  to  include 
actual  black  box  testing. 

e  Introduction  of  the  synthesized  shock 
environment  model  into  the  test  program. 


SUMMARY 

It  may  be  concluded  that  the  feasibility  of 
simulating  three  measured  conq)lex  POLARIS 
shock  pulses  by  electrodynamic  shaker,  has 
been  demonstrated.  Equally  inqmrtant  is  the 
realistic  simulation  of  a  shock  environment 


which  precludes  excessive  over-testing.  Ad¬ 
vantages  are  realized  in  the  simplification  of 
directional  shock  testing  and  in  the  selection  of 
a  single  test  fixture  design  for  shock  and  vibra¬ 
tion  simulations.  The  introduction  of  the  latest 
equalization  network  design  is  expected  to  ex¬ 
tend  the  iqpper  frequency  band  of  the  transimt 
to  approximately  1500  cps.  The  maximum  ac¬ 
celeration  amplitudes,  which  are  limited  by  the 
shaker's  diq>lacement  capabilities  in  the  lower 
frequency  bands  UO.5  inch  for  the  500-force- 
pound  shaker),  envelop,  within  a  certain  proba¬ 
bility,  the  POLARIS  shock  environment.  A 
study  of  measured  shock  data,  to  synthesize  a 
realistic  composite  shock  model,  is  presently 
in  progress.  This  model  will  serve  as  the 
shaker  input. 
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^pendix 

PHOTOCELL  FUNCTION  GENERATOR 


The  photocell  function  generator  consists 
principally  of  a  compatible  cathode- ray  oscil¬ 
loscope  and  photomultiplier  tube.  The  cathode- 
ray  tube  selected  for  the  investigation  was  a  Pll 
blue  phosphor  with  short  persistence.  The  q>ec- 
tral  range  in  angstrom  units  is  3770-5690  with 
a  spectral  peak  of  4400  angstroms.  The  photo¬ 
cell  selected  was  a  929  type  blue  sensitive  with 
maximum  reQx>nse  characteristics  for  wave 
lengths  of  4000  angstroms  and  for  a  sensitivity 
of  0.042  microampere-per-microwatt. 

The  photocell,  cathode  follower,  and  control 
amplifier  chassis  are  installed  in  a  cylindrical 


container  6  inches  in  diameter  and  14  inches 
long  (Fig.  1).  It  is  mounted  to  the  oscilloscope 
in  the  manner  shown  in  Fig.  2.  An  opaque  mask, 
depicting  in  graphic  form  the  required  arbitrary 
shock  function,  is  placed  directly  against  the 
face  of  the  oscilloscope  and  8  inches  away  from 
the  photocell. 

For  operation,  apply  filament  and  Bf  volt¬ 
age  to  the  photocell  circuit  and  connect  the  out- 
signal  to  the  negative  dc-input  side  of  the  oscil¬ 
loscope  plug-in  differentisd  preamplifier.  The 
loop  is  closed  and  the  function  can  be  repro¬ 
duced  in  electrical  analog  form  with  additional 
scope  adjustments  if  necessary. 


DISCUSSICiN 


Dr.  Irwin,  Chairman  (NRL):  Mr.  Schwabe, 
in  obtaining  one  of  these  pulses  which  you  wish 
the  electrodynamic  shaker  to  simulate,  do  you 
have  to  build  the  POLARIS  axid  fly  it  and  take  a 


record  from  the  flight  in  order  to  know  what 
you  want  to  simulate  or  how  do  you  get  this  — 
who  gives  you  this  pulse  which  you  are  going  to 
simulate  with  the  electric  shaker? 
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Mr.  Sehwabe;  Admittedly,  at  first  with  a 
new  missile  generation  being  planned  you  have 
to  extrapolate  environment  from  previous  mis¬ 
siles  flown,  but  once  the  missile  has  been  built 
and  the  first  two  or  three  flights  have  taken 
place,  then  we  can  synthesize  the  data  as  they 
come  from  the  flight  missile. 

Mr.  Booth  (Autonetics):  Is  this  high-fi 
technique  you  have  for  the  shaker  table,  is  that 
a  closed  loop  system  such  that  you  can  change 
the  mass  that  you  are  shaking  and  still  get  re¬ 
peatability  from  your  shock  pulses  ? 

Mr.  Sehwabe;  No,  we  use  the  open  loop 
system  as  far  as  the  entire  shaker  system  goes. 

Mr.  Booth:  Why  not  try  a  closed  loop 
system? 

Mr.  Sehwabe:  We  thought  about  it  and  we 
may  go  into  it  later  on.  We  felt  that  the  closed 
loop  would  involve  more  time  and  money,  and 
therefore  we  would  like  to  e}q)loit  the  open  loop 
approach,  first. 

Mr.  Booth:  Did  you  investigate  the  possi¬ 
bility  of  having  the  people  who  built  the  shaker 
table  design  this  closed  loop  system  so  that  you 
could  get  repeatability  for  any  mass  or  system 
test? 

Mr.  Sehwabe:  We  have  not  looked  into  it. 

Mr.  Sandler  (Autonetics);  This  180-degree 
phase  changer  that  you  enq>loyed  to  check  the 
repeatability,  when  you  tried  to  get  an  (^>posite 
polarity  in  your  pulse,  did  you  do  this  by  merely 
reversing  the  voltage  iiqnit  ? 

Mr.  Sehwabe:  Yes,  just  by  throwing  the 
switch  and  reversing  the  output  of  the  function 
generator. 

Mr.  Galef  (NESCO):  Did  I  understand  you 
to  say  that  you  can  make  all  your  adjustments 
at  a  low  smceleration  and  then  give  it  a  shot  at 
full  acceleration  and  will  work  OK? 

Mr.  Sehwabe:  Yes,  that  is  right.  We  at¬ 
tempt  to  make  all  the  adjustments  of  compensa¬ 
tion  at  a  low  acceleration  level. 

Mr.  G^ef:  Well  this  sounds  as  if  you  are 
working  only  with  linear  systems  then. 

Mr.  Sehwabe:  Admittedly,  yes,  I  would  say 
we  have  a  siq^sition  of  linear  system  when  we 
work  at  low-g  levels. 


Mr.  Stewart  (Douglas);  How  does  your 
compensation  network  differ  from  the  usual 
peak  notch  filters  used  in  random  vibration 
testing? 

Mr.  Sehwabe:  All  that  we  used  are  some 
compaeitance  and  resistance  networks.  Just 
very  simple  networks  because  the  frequencies 
of  these  shock  noodels  were  not  very  hig^  and 
for  relatively  low  frequencies,  w>  to  about  400- 
SOO  cycles,  we  could  get  away  with  the  sinq>le 
networks. 

Mr.  Stewart:  Do  you  intend  in  the  future  to 
use  the  peak  n^h  filters? 

Mr.  Sehwabe:  Yes,  that  is,  a  commercially 
available  unit. 

Mr.  Stewart;  Do  you  have  any  idea  of  vdiat 
would  happen  if  you  tried  to  use  the  band  pass 
equalization  network? 

Mr.  Sehwabe:  No,  I'm  not  a  test  engineer 
as  such.  I’m  an  environmental  engineer  and  I 
could  not  answer  the  question  from  a  strictly 
instrumentation  stau^int. 

Mr.  Cohen  (Sylvania);  How  would  this 
method  be  used  in  a  simulation  of  a  ramp  input 
shock  ? 

Mr.  Sehwabe:  I  would  say,  off  hand,  there 
is  no  limitation  there.  I,  may  be  talking  off  the 
top  of  my  head  but  giving  you  an  answer  at  short 
notice,  would  say  that  it  could  be  quite  easily 
accomplished  with  this  setiq>.  You  may  have  to 
go  to  a  differmt  function  generator,  but  I  believe 
there  are  certain  things  in  the  wind  right  now 
with  function  generators  with  which  you  prob¬ 
ably  could  do  it  very  easily. 

Mr.  Cohen:  Would  it  be  possible  to  dampen 
out  the  remainder  of  the  shock  pulses  that  you're 
getting  in  this  thing,  so  that  you  would  get  per- 
tuq>s  one  clean  shock  and  that's  all? 

Mr.  Sehwabe:  As  you  notice,  these  three 
models  I  showed,  are  tapered  off.  We  custom¬ 
arily  use  a  half  sine  ending  up  with  a  very  high 
velocity  which  we  did  not  encounter  with  our 
shock  models,  therefore  we  were  not  in  any 
diffictilty  with  limitation  of  shaker  diq>lacement 
or  shaker  travel. 

Mr.  Na^ey  (GE);  What  was  the  resonant 
frequency  of  the  fixture  that  was  used  in  these 
experiments  —  the  dominant  mode  ? 

Mr.  Sehwabe:  As  far  as  I  know,  the  shaker 
frequencies  were  relatively  high,  vhien  we  had 
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the  third  configuration  on  the  ahaker  table,  the 
41-lb  mass,  we  Intentionally  put  some  cantilever 
beams  on  there  and  we  got  a  certain  amount  of 
feedback  into  the  system,  but  we  were  able  to 
compensate  for  it. 

Mr.  Kirby  (Motorola);  Did  you  find  it  nec- 
essary  in  any  way  to  alter  the  amplifier  re- 
qionse  characteristics,  such  as  feedback  net¬ 
works? 

Mr.  Schwabe;  Of  the  function  generator  ? 

Mr.  Kirby:  No,  of  the  power  amplifier. 


Mr.  Schwabe;  No,  none  whatsoever.  All 
that  we  needed  was  to  check  out  and  calibrate 
the  particular  power  amplifier  and  check  out  the 
frequency  reqionse,  so  long  as  the  frequency 
response  is  fairly  flat  and  the  power  tubes  are 
balanced  we  don't  have  any  problem. 

Mr.  Kirby;  Did  you  have  any  problem  with 
armature  resonance? 

Mr.  Schwabe:  Yes,  we  had  armature  reso- 
nance,  that's  the  reason  we  had  to  compensate 
the  armature  resonance  as  well  as  the  additional 
wei^t  which  changes  the  compacitance  of  the 
network. 


RELATIONSHIPS  BETWEEN  RANDOM  VIBRATION  TESTS 
AND  THE  FIELD  ENVIRONMENT 


G*  B*  Booth 

MB  Electronics,  A.  Division  of 
Textron  Electronics,  Inc. 


On  the  hypothesis  that  vibration  tests  of  greatly  differing  character  can 
only  be  cotrrpared  in  terms  of  the  responses  of  elements  of  typical  de¬ 
vices  to  these  tests,  computations  are  made  for  these  responses  and 
for  the  desired  responses  to  ideal  tests.  For  band  equalized  random 
vibration  systems,  the  computed  responses  are  compared  to  the  desired 
responses  for  various  specimen  to  vibration  exciter  mass  ratios,  spec¬ 
imen  damping  factors,  and  frequency  to  control  bandwidth  ratios.  For 
sweep  random  systems,  the  achievable  accuracy  is  discussed  and  shown 
to  be  of  the  same  order  as  accuracies  achievable  by  band  equalized  sys¬ 
tems.  A  hybrid  system,  incorporating  a  few  peak-notch  equalizers  in 
addition  to  the  multiband  control,  overcomes  the  deficiencies  of  band 
equalized  systems.  A  warning;  the  reliability  of  equipment  tested  by 
band  equalization  systems  having  large  control  bandwidths  is  ques¬ 
tionable  . 


VmRATlON  TEST  SYSTEM 

Vibration  test  systems  may  be  character¬ 
ized  by  the  system  Illustrated  in  Fig.  1.  Such 
systems  have  a  vibration  generator  with  output 
to  input  transfer  function  Hj.,.  and  a  control 
with  gain  A,  and  are  used  to  test  devices  or 
specimens  having  elements  with  transfer  func¬ 
tions  Since  vibratory  level  to  be 

applied  to  the  specimen,  this  level  is  monitored; 
manual  or  automatic  means  are  used  to  adjust 
the  gain  A  to  maintain  that  desired  level. 

Although  gross  comparisons  of  vibration 
tests  of  the  same  type  may  be  made  frequently 
in  terms  of  the  vibratory  level  a,  applied  to  the 
specimen,  the  only  precise  way  to  compare  tests 
of  differing  character  is  by  comparing  the  re¬ 
sponses  a,  of  elements  of  typical  specimens 
for  various  tests  to  the  response  desired  from 
an  ideal  test. 

The  schematic  of  Fig.  2  shows  this  vibra¬ 
tion  test  system,  simplified  to  include  only 
those  elements  necessary  to  compare  vibration 
tests  of  differing  types.!  An  element  in  the 


^Harris,  C. M.,  and  Crede,  C.  E.,  Shock  and  Vi¬ 
bration  Handbook  (McGraw-Hill  BookCompany, 
Inc.,  New  York),  Vol,  2,  Chap.  25,  p.  31, 


A  H,„  H,,, 


Fig.  1  -  Generalized  vibration 
test  systenri  showing  means  to 
control  vibratory  level  to  test 
specification 


Fig.  2  -  Schematic  at  vibra¬ 
tion  test  system,  simplified 
to  retain  only  those  elements 
necessary  to  compare  vibra¬ 
tion  tests  of  differing  types 
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specimen  may  be  defined  in  terms  of  its  mass 
M„  spring  constant  k.,  and  damping  c,.  Im¬ 
portant  parameters  of  the  vibration  exciter  are 
the  moving  table  mass  and  the  resistance 
Re  and  inductance  Le  of  the  driving  coil.  For 
each  control  band  of  a  band  equalized  random 
vibration  test  system  ^  and  for  a  sweep  random 
vibration  test  system  ^  the  gain  A  of  the  control 
is  frequency  independent  and  is  caused  to  vary 
in  amplitude  to  keep  the  table  acceleration 
equal  to  a  desired  reference  value  (REF.).  Al¬ 
though  the  elements  to  the  left  of  the  gap  in  the 
schematic  are  electrical  in  nature,  a  transfor¬ 
mation  to  equivalent  mechanical  units  simplifies 
computations  without  loss  of  accuracy.  The  in¬ 
put  G„  may  then  be  expressed  in  terms  of  mean 
square  acceleration  spectral  density,  commonly 
called  acceleration  density  or  power  spectral 
density,  in  units  of  gVcpa.  The  table  accelera¬ 
tion  a,  and  specimen  element  mass  acceleration 
a,  then  are  in  terms  of  the  gravitational  accel¬ 
eration  g. 

The  transfer  function  a, /a,  of  the  element 
of  the  specimen  is  defined  as 


where  f ,  is  the  undamped  natural  frequency  of 
the  element  of  the  specimen  mounted  on  an  in¬ 
finite  mass,  and  Q„  the  magnification  factor, 
is  the  reciprocal  of  twice  the  ratio  of  the  actual 
damping  to  the  critical  damping.  The  shape  of 
the  response  is  illustrated  immediately  below 
the  specimen  components. 

The  transfer  function  of  the  vibration  gen¬ 
erator  is  affected  by  both,  the  parameters  of 
the  vibration  generator  and  by  the  specimen. 
Although  even  for  this  simplihed  system  the 
complete  expression  for  the  transfer  function 
is  quite  complex,'^  the  expression  may  be  split 
into  two  factO];s  of  which  one  is  related  solely 
to  the  parameters  of  the  vibration  generator, 
and  the  other  Includes  the  effect  of  the  specimen 
resonance.  The  term  which  relates  solely  to 
the  parameters  of  the  vibration  exciter  varies 
only  gradually  with  frequency.  In  contrast,  how¬ 
ever,  the  magnitude  of  the  term  which  includes 


^Maki.C.  E.,  "IRE  Transactions  on  Audio,"  Vol. 
AU-8,  No.  6  (Nov. -Dec.  1960). 

^Booth,  G.  B.,  "Sweep  Random  Vibration,"  In¬ 
stitute  of  Environmental  Sciences  (April  1960). 

^Unholtz,  K.,  "The  Influence  of  Electrical  and 
Motional  Impedance  on  the  Control  and  Per¬ 
formance  of  Some  Vibration  Machines,"  ASME 
(June  1956). 


the  effect  of  the  specimen  resonance  varies 
much  more  rapidly  with  frequency,  usually 
orders  of  magnitude  more  rapidly. 

Since  any  vibration  test  which  can  cope 
effectively  with  this  second  torm  can  adequately 
handle  the  first  term,  a  simplifying  reduction 
is  made;  the  transfer  function  of  the  vibration 
exciter  is  assumed  to  consist  only  of  the  rap¬ 
idly  varying  second  term,  defined  as 
which  has  the  form 


-K1 

K) 

and  the  notch-peak  shape  shown  in  Fig.  2.  fp 
and  Q  are  the  resonant  frequency  and  mag¬ 
nification  factors  for  the  peak,  which  is  usually 
more  highly  damped  than  the  notch  due  to  cur¬ 
rents  flowing  in  the  driver  coil  resistance.  The 
depth  of  the  notch  is  approximately  M,  Qp/M,  as 
shown.  This  notch-peak  or  peak-notch  fluctua¬ 
tion  is  commonly  observed  in  the  measurement 
of  the  transfer  function  of  actual  systems.^ 

The  ratio  of  the  peak  frequency  to  the  spec¬ 
imen  resonant  frequency  is  given  by  ^ 


/fpf  .  M,  +  M. 

It;;  -  — HT- 


(3) 


RESPONSE  OF  BAND  EQUALIZED 
SYSTEMS 

In  a  band  equalized  system,^  the  test  spec¬ 
trum  is  divided  into  a  number  of  adjacent  fre¬ 
quency  bands,  each  of  which  has  a  control  ele¬ 
ment  with  gain  A.  At  low  frequencies,  it  is 
common  that  the  width  B  of  the  frequency  band 
is  much  wider  than  the  bandwidth  f,/Q,  of  the 
specimen  resonance,  and  also  wider  than  the 
peak  to  notch  frequency  spacing  fp  -  f,.  Con¬ 
versely,  at  high  frequencies,  the  width  B  of  the 
frequency  band  is  commonly  narrower  than  the 
bandwidth  of  the  specimen  resonances. 

The  level  of  vibration  applied  to  the 
specimen  is  adjusted  for  each  band  until 

•t  =  BGp,  (4) 

where  B  is  the  control  bandwidth  in  cps  and  Gp 
is  the  desired  acceleration  density.  (The  same 


^Booth,  C.  B.,  "Random  Motion  Teat  Tech¬ 
niques,"  Institute  of  Environmental  Engineers 
(April  1959). 
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value  is  used  as  the  Input  to  the  system  without 
loss  of  generality  since  A  has  not  been  spec¬ 
ified.) 

For  an  ideal  test,  the  spectrum  of  the  ac¬ 
celeration  applied  to  the  specimen  is  flat 
with  the  value  .  For  this  ideal  test,  the  de¬ 
sired  response  of  the  mass  M,  is  defined  to 
have  the  rms  value  where 


<‘0  =  GoJ  =  -jf.Q.G„.  (5) 


Since  the  desired  value  of  the  response  a, 
is  given  by  Eq.  (5),  a  convenient  comparison  of 
the  actual  response  to  the  desired  response  is 
given  by 
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(11) 


For  an  actual  band  equalized  test,  the  re¬ 
sponse  acceleration  a,  of  the  specimen  differs 
from  the  desired  value  since  the  spectrum  of 
a,  is  not  flat.  The  magnitude  of  this  difference 
may  be  determined  by  calculating  a,  for  vari¬ 
ous  bandwldths  B,  frequencies  and  magnifi¬ 
cation  factors  Q, . 

For  each  control  band  m,  the  rms  response 
at„  for  that  band  may  be  calculated  from 

I, *8/1 

“tn  ■  *n  1  •*!(£) ‘If-  (®) 

However,  the  control  system  adjusts  the  gain  A, 
either  manually  or  automatically,  until 

=  GoB.  (7) 

as  is  required  by  the  test  specification,  giving 
A*  -  B 

n 

1 

f.-B/l 


Since  Hj  and  H2  are  the  relatively  complex 
functions  given  by  Eqs.  (1)  and  (2),  evaluation  of 
Eq.  (11)  is  difficult.  By  various  techniques,  how¬ 
ever,  approximate  solutions  give  the  results 
summarized  in  Figs.  3,  4,  and  5. 

In  Figs.  3,  4,  and  5,  the  mass  M,  includes 
the  mass  of  the  moving  element  and  all  portions 
of  the  specimen  mounting  fixture  and  specimen 
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Fig.  3  -  Band  equalized  random 
vibration  test:  ratio  of  calcu¬ 
lated  response  to  desired  re¬ 
sponse  for  resonating  mass  equal 
to  0.05  times  the  table  mass 


The  acceleration  response  of  the  specimen 
mass  may  now  be  calculated  as  the  sum  of  the 
responses  for  each  of  the  individual  bands 

*t/2 
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but  since  A„  is  adjusted  in  accordance  with 
Eq.  (8),  a,  becomes 


f.+B/ J 
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Fig.  4  -  Band  equalized  random 
vibration  test;  ratio  of  calcu¬ 
lated  response  to  desired  re¬ 
sponse  for  resonating  mass 
equal  to  0  2  times  the  table 
mass 
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Fig.  5  -  Band  equalized  random 
vibration  teat:  ratio  of  calcu¬ 
lated  response  to  desired  re¬ 
sponse  lor  resonating  mass  equal 
to  the  table  mass.  Sweep  ran¬ 
dom  test;  ratio  of  calculated 
response  to  desired  response 
shown  at  right. 


not  participating  in  the  resonant  response.  Since 
the  desired  response  is  a, ,  the  deviation  of  the 
calculated  value  for  a^a,  from  1.0  is  the  error. 
The  abscissa  is  plotted  in  generalized  form,  as 
the  ratio  of  the  resonant  frequency  f,  of  the 
q>ecimen  element  to  the  control  bandwidth  B. 

In  all  three  figures  the  maximum  error  oc¬ 
curs  in  the  frequency  region  where  the  difference 
between  the  peak  frequency  and  the  specimen 
resonant  frequency  is  of  the  same  magnitude  as 
the  bandwidth  B. 

As  an  example,  consider  control  bandwldths 
with  width  B  ■  25  cps.  The  response  of  a  small 
resonating  device  with  mass  of  0.05  times  the 
table  mass  and  Q  >  40,  may  be  expected  to  be 
only  60  percent  of  the  desired  response  if  the 
resonant  frequency  is  near  350  cps,  but  would 
be  nearly  correct  if  the  resonant  frequency 
were  800  cps. 

As  the  curves  of  Figs.  4  and  5  show,  larger 
resonating  masses  cause  increasing  errors  at 
lower  frequencies.  These  errors  are  partic¬ 
ularly  serious  since  the  specimen  is  inade¬ 
quately  tested.  Note  that  for  large  control 
bandwidths,  for  example  100  cps,  and  large 
resonating  masses,  =  i  (see  Fig.  5), 
objects  with  Q’  i  of  40  are  tested  at  less  than 
one- half  the  desired  level  at  all  frequencies 
below  900  cps,  and  if  the  Q’s  are  100,  at  all 
frequencies  below  1700  cps. 


SWEEP  RANDOM  RESPONSE 

The  sweep  random  test  provides  an  intense 
narrow-band  random  vibration  excitation  to  the 
specimen,  sweeping  slowly  over  the  frequency 


range.  ^  The  excitation  level  and  sweep  rate  are 
so  chosen  that  at  every  level  of  response  of  a, 
the  number  of  acceleration  peaks  for  the  sweep 
random  test  is  identical  to  i^e  number  of  accel¬ 
eration  peaks  in  the  ideal  test  described  with 
reference  to  Eq.  (5).  Although  no  assumptions 
are  necessary  regarding  the  type  of  damping  in 
the  specimen,  linearity  with  d^ive  level,  or 
shape  of  the  S-N  curve,  in  order  to  achieve  the 
desired  reduction  in  the  cost  of  test  equipment, 
it  is  necessary  to  test  the  various  resonances 
sequentially  using  a  single  control  channel  to 
adjust  the  gain  A  rather  than  the  large  number 
of  parallel  channels  used  in  band  equalized 
systems. 

In  a  sweep  random  test,  the  rms  excitation 
level,  •(,  is  maintained  at  the  level  a  derived 
in  Ref.  3: 


where  G  is  a  constant  related  to  the  desired 
test  time  and  a  reference  magnification  factor. 
Although  a  value  of  10  for  Q„  was  previously 
recommended  in  Ref.  3,  the  results  of  this 
paper  show  that  a  value  for  *  20  results  in 
lower  errors  for  the  expected  range  of  speci¬ 
men  magnification  factors  Q,. 


Using  this  new  recommended  value  for  Q^, 
Eq.  (12)  becomes 


a 


q 


i 


40 


(13) 


Even  though  the  control  system  maintains 
■t  equal  to  <7, ,  the  rms  response  ■,  will  ex¬ 
ceed  the  deslr^  value  for  specimen  magnifica¬ 
tion  factors  Q,  which  exceed  20,  and  will  be 
less  than  the  desired  value  for  Q,  less  than  20. 
The  error  is  within  ±3  db  for  a  range  in  Q, 
from  10  to  40,  and  within  ±7  db  for  a  range  in 
Q,  from  4  to  100.  This  error  is  plotted  at  the 
right  of  Fig.  5  to  the  same  scale  as  the  band 
equalized  curves  at  the  left. 

In  addition  to  the  error  Just  described,  the 
sweep  random  test  is  subject  to  the  same  errors 
as  the  band  equalized  test,  and  the  curves  to  the 
left  of  Figs.  3,  4,  and  5  apply.  However,  these 
inaccuracies  are  much  less  serious  for  the 
sweep  random  test  than  for  the  band  equalized 
system,  since  the  control  bandwidth  is  normally 
much  smaller,  3  cps,  and  tests  are  normally 
conducted  only  on  the  right  side  of  the  diagrams, 
for  values  of  f/B  greater  than  7  corresponding 
to  frequencies  above  20  cps.  In  addition,  the 
errors  characteristic  of  the  sweep  random  test 
(shown  at  the  right  in  Fig.  5)  correct,  to  a  very 
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large  degree,  the  errors  due  to  a  finite  band¬ 
width  (shown  at  the  left  in  Fig,  5). 

In  general,  the  errors  of  the  sweep  random 
test  are  of  the  same  order  as  the  errors  of  the 
band  equalized  test,  and  may  be  less  or  greater 
depending  upon  the  frequency  of  resonance  and 
the  size  of  the  resonating  mass.  The  sweep 
random  test  is  particularly  suitable  for  testing 
large  objects,  those  for  which  M,/Mt  is  one  or 
more,  and,  of  course,  for  all  objects  when 
equipment  cost  is  a  major  factor. 


PEAK  NOTCH  AND  HYBRID  SYSTEMS 

In  a  peak-notch  equalized  system,  the  con¬ 
trol  element  of  Figs.  1  and  2,  having  frequency 
independent  gain  A,  is  replaced  by  an  equalizer 
having  a  transfer  function  the  inverse  of 
Theoretically,  such  a  system  accurately  cor¬ 
rects  for  resonances  with  any  magnification 
factor  Q,  or  any  ratio  of  M,  to  H^,  and  pro¬ 
vides  appreciably  lower  errors  timn  either  the 
band  equalized  system  or  the  sweep  random 
system  previously  described. 

The  peak-notch  system  has  two  deficien¬ 
cies:  1)  correction  for  change  in  damping 


within  the  specimen  is  difficult  to  make  during 
a  test;  and  2)  adjustment  of  equalizers  is  so 
time  consuming  that,  rather  than  reduce  the 
percentage  of  total  equipment  time  used  for 
performing  tests,  accuracy  is  sacrificed. 

It  is  this  second  deficiency  which  precipi¬ 
tated  the  development  of  the  automatic  band 
equalized  system,  the  multiband  system,  and 
the  subsequent  decline  in  popularity  of  the 
peak-notch  systems. 

A  hybrid  system,  which  uses  a  few  peak- 
notch  equalizers  in  addition  to  a  complete  band 
equalized  system,  offers  attractive  possibilities. 
For  many  of  the  specimens  now  being  tested, 
most  of  the  resonances  are  in  the  higher  fre¬ 
quency  ranges  where  the  band  equalized  sys¬ 
tems  perform  well,  however,  a  few  resonances 
in  the  specimen  or  fixture  occasionally  occur 
at  low  frequencies.  A  brief  study  of  the  un¬ 
equalized  response,  a,,  of  the  vibrator  table 
with  specimen  attached,  and  reference  to  the 
curves  of  Figs.  3,  4,  and  5,  will  show  the  reso¬ 
nances  for  which  peak- notch  equalizer  compen¬ 
sation  is  necessary.  Peak-notch  equalizer  ad¬ 
justment  at  these  low  frequencies  can  be  easily 
and  rapidly  done. 


Appendix 

EVALUATION  OF  INTEGRALS 


LOW-FREQUENCY  REGION:  B  >  f^  -  f. 

To  get  useful  numbers  for  Eq.  11,  the  inte¬ 
grals  in  both  the  numerator  and  the  denomina¬ 
tor  must  be  evaluated.  The  low-frequency 
numerator  integral,  is 


The  low-frequency  denominator  integral, 
Idl» 
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The  major  contribution  to  this  Integral  is 
also  in  the  frequency  region  near  f ^ .  Since  the 
squared  height  of  the  peak  is  approximately 


Since  most  of  the  contribution  to  this  inte¬ 
gral  is  in  the  frequency  region  near  the  in¬ 
tegral  over  the  frequencies  from  -  B/2  to 
f„  -f  B/2,  including  f^,  is  approximately  the 
same  as  the  Integral  from  0  to  <0,  which  is 
known  to  have  the  value 

(15) 


and  the  width  of  the  peak  is  f^Qp,  a  parameter 
c*  may  be  defined  such  that 

Idl  =  ■  (17) 


16& 


* 


The  imaginary  term  in  the  numerator  may 
be  neglected  and  Eq.  (16)  graphically  Integrated 
for  various  mass  ratios  and  Q^.  The  resulting 
approximate  values  for  c  are  shown  in  Fig.  6. 


Fig.  6  •  Approximate 
values  of  c 


Equation  (11),  for  the  ratio  of  the  actual 
reqionse  to  the  desired  response  in  the  low- 
frequency  region,  by  the  use  of  Eqs.  (15)  and 
(17),  becomes 


and  defining  a  control  bandwidth  to  resonance 
bandwidth  factor  y, 


B  = 


Equation  (11)  becomes 
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which  was  used  to  calculate  the  left  portion  of 
Figs.  3,  4,  and  5. 
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where  a  and  e  are  chosen  to  place  the  control 
band  B  on  the  notch  of  (Fig.  2).  Defining 
a  notch  depth  parameter  h  as 


h  = 


Mt 
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where  h  <  1,  and  neglecting  small  terms,  Iq,, 
becomes 
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A  parameter  p  is  defined  such  that 


‘US 


and  Eq.  (23)  evaluated  for  e  ^  1.5,  a  =  0,  3.5, 
8.5,  and  18.5  (values  of  y  equal  to  1.5,  5,  10, 
and  20)  for  various  mass  ratios  and  Q,.  The 
resulting  values  for  p  are  shown  in  Fig.  7. 


HIGH-FREQUENCY  REGION 

f. 

B  <  f  -  f,  AND  B  >  4  ^ 


In  this  high-frequency  region,  the  excitation 
of  the  specimen  occurs  primarily  in  the  fre¬ 
quency  region  arqund  the  specimen  resonant 
frequency  f,. 

The  high  frequency  denominator  integral. 


Fig.  7  -  Value  of  p 
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The  high-frequency  numerator  Integral, 

r  2  2 

f,-B/2 


(25) 


Since  the  imaginary  term  contributes  little 
to  this  integral,  taken  well  down  on  the  low- 
frequency  slope  of  the  curve,  the 

imaginary  term  may  be  omitted  and  inte¬ 
grated  to  give 


A  parameter  Kj,  is  defined  such  that 


and  Eq.  (26)  evaluated  for  «  ■  1.5  and  •  •  3.5, 
8.5,  and  18.5  {y  =  m  *  •  =  5,  10,  20)  for  various 
mass  ratios  and  Q,.  Values  for  Kj  are  shown 
in  Fig.  8. 


Fig.  8  -  Values  of  K| 


Equation  (11),  for  the  ratio  of  the  actual 
response  to  the  desired  reqwnse  in  the  high- 
frequency  region,  using  Eqs.  (24)  and  (27)  be¬ 
comes 
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which  was  used  to  calculate  high.Q  points  to 
the  right  of  Figs.  3,  4,  and  5. 


NOTE 


In  neither  the  low-frequency  region  nor  the 
hi(d>- frequency  region  does  the  peak  magnifica¬ 
tion  factor  Qp  greatly  affect  the  ratio  of  the 
actual  response  to  desired  reqwnse.  This  is 
convenient,  since  Qp  is  strongly  affected  by 
damping  parameters  of  the  specific  vibration 
generator  being  used. 


DISCUSSION 


M.  Oleson  (NRL):  Galt  if  I  understand  your 
derivation  right,  this  is  all  for  an  uncompen¬ 
sated  table.  Is  that  correct  ? 

Mr.  Booth:  Yes,  it's  an  uncompensated 
table.  Remember  we  are  talking  about  band 
equalization  and  this  is  many  parallel  bands. 

My  derivation  was  for  any  one  band  of  the  total 
so  there  is  no  compensation  within  a  band  — 
no  peak  notch  equalizers;  we're  using  the  ad¬ 
justment  of  the  levels  of  the  individual  bands  to 
do  our  compensation. 


Mr.  Oleson:  So  your  remarks  pertaining 
to  the  narrow-band  swept  test  for  example, 
again  if  I  understand  you  right,  wouldn't  incor¬ 
porate  the  effects  of  feedback  control  of  the 
table  gain,  is  that  correct? 

Mr.  Booth:  No,  they  do  Incorporate  the 
feedback  coirtrol  of  the  table  gain  because  in  a 
similar  way  the  level  at  the  table  is  used  to 
control  the  gain  variable  A  in  Fig.  1.  Figure  1 
applies  for  the  sweep  random  vibration  as  well 
as  the  band  vibration.  In  general,  the  sweep 
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random  vibration  has  one  band  and  in  the  more 
recent  systems  there  is  automatic  coidrol  of 
the  level  of  this  one  band.  In  the  most  recent 
multiple  band  systems  there  are  many  bands 
side  by  side  and  automatic  control  of  the  level 
of  each  of  these  multiple  bands. 

Dr.  Vigness  (NRL):  Mr.  Booth  has  shown 
very  nicely  that  we  are  undertesting  but  from 
the  viewpoint  that  it  might  be  detrimental.  He 
is  illustrating  something  that  we  have  been  try¬ 
ing  to  show  for  a  long  while.  I  would  like  to  go 
back  a  little  bit  and  not  begin  with  the  specifi¬ 
cations  as  given  but  consider  how  the  specifica¬ 
tions  were  derived.  The  specifications  are  gen¬ 
erally  derived  by  obtaining  a  large  group  of  field 
measurements  and  then  taking  an  envelope  of 
these  field  measurements.  When  you  have  taken 
the  field  measurements  you  then  are  concerned 
primarily  with  the  maximum  values.  If  you  have 
to  go  out  in  the  field  and  make  measurements 
and  observe  the  natural  frequencies  of  the  equip¬ 
ment  in  their  locations,  take  the  measurements 
with  the  equipment  there,  you  would  find  at 
these  so-called  fixed-base  natural  frequencies 
that  you  would  have  very  low  values  of  vibra¬ 
tions  under  the  field  conditions.  These  are  not 
taken  into  account  in  the  specifications  at  all. 

If  we  were  to  permit  this  decrease  in  excitation 
at  these  particular  frequencies  then  we  would 
be  doing  automatically  what  we  would  like  to  be 
doing  if  we  were  going  to  simulate  the  real  field 
conditions.  To  me,  if  you  have  a  relatively 


narrow  bandwidth,  such  as  is  presently  in  use, 
and  you  take  the  average  level  of  that  bandwidth 
to  be  correct,  then  permit  the  equipment  to  re¬ 
act  back  on  the  machine,  assuming  that  the  vi¬ 
bration  table  itself  has  at  least  as  great  an  im¬ 
pedance  as  the  foundation  of  the  equipment  in 
the  field,  then  we  would  not  be  under-testing. 

We  would  be  more  realistic.  As  it  is,  the  way  I 
look  at  it,  if  you  follow  the  specification  to  the 
letter,  you  are  over-testing  and  you  will  bre?Jc 
up  your  equipment  and  your  machine.  So  I  would 
much  prefer  not  to  make  this  correction,  but  to 
allow  the  machine,  provided  its  Impedance  is  as 
great  as  the  foundation  in  the  field,  to  take  its 
own  average  level  over  this  relatively  narrow 
bandwidth  and  let  that  be  the  solution  to  the 
problem.  To  me,  to  try  to  get  an  exactness  of 
a  certain  level  when  a  very  large  reaction  of  a 
piece  of  equipment  on  the  shock  machine  or  the 
vibration  machine  (it  works  for  both)  is  not 
realistic.  We  shouldn't  do  that.  I  think  it  is 
very  nice  of  you  to  bring  the  problem  out,  but 
I’m  on  the  other  side  of  the  fence. 

Mr.  Booth:  Well,  in  answer  to  this  I  would 
like  to  comment  that  the  problem  is  one  of 
making  the  Impedance  of  the  machine  like  the 
Impedance  of  the  field  mounting  point.  If  we 
could  do  that  and  be  assured  that  we  have  it 
then  I  would  certainly  agree  with  Dr.  Vigness 
but  in  some  frequency  ranges  the  impedance 
of  the  vibration  machine  is  not  high  which,  un¬ 
fortunately  complicates  the  problem. 


•  *  « 
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MULTI-PLANE  VIBRATION  TESTING  TECHNIQUES 


Stanley  Baber  and  Earl  J.  Wilson 
Aero-Space  Division,  The  Boeing  Company 


Three  methods  of  combining  three  planes  of  vibration  into  a  single  test 
are  discussed.  Vibration  monitor  locations,  instrumentation,  and  pres¬ 
entation  of  data  required  for  nnulti -plane  vibration  tests  will  be  de¬ 
scribed.  It  is  shown  that  more  data  are  required  before  this  technique 
can  become  a  universal  tool. 


INTRODUCTION 

In  this  decade,  much  attention  has  been 
focused  on  the  development  of  laboratory  envi¬ 
ronmental  tests  to  simulate  the  environments 
encountered  In  actual  service.  These  labora¬ 
tory  environmental  tests  permit  economical 
evaluations  to  be  made  of  operational  systems 
prior  to  actual  flight.  However,  the  customary 
three-plane  vibration  tests  can  produce  falla¬ 
cious  test  results,  especially  when  vibration  Is 
combined  with  other  environments. 

This  paper  discusses  considerations  for 
determining  laboratory  test  requirements  from 
pre-flight  and  flight  data  and  three  methods  of 
combining  three  planes  of  vibration  Into  a  single 
test  to  detect  anomalies  which  would  occur  dur¬ 
ing  service. 


TEST  REQUIREMENT  CONSIDER¬ 
ATIONS 

Duplication  of  the  service  anomalies  re¬ 
quires  a  thorough  analysis  of  the  mission  vibra¬ 
tion  characteristics  and  their  effect  on  vehicle 
hardware  as  modified  by  hardware  mounting 
structure  and  other  environments.  Vibration 
testing  to  arbitrary  specifications  can  cause 
unrealistic  failures  which  require  redesign  at 
the  cost  of  time,  money,  and  usually,  weight. 

To  minimize  over-testing  the  following  ele¬ 
ments  should  be  considered  In  preparing  a 
vibration  qieclficatlon: 

e  The  total  time  various  vibration  stress 
levels  are  expected  during  the  mission. 

•  The  modification  of  these  vibration 
stress  levels  produced  by  the  vehicle  mounting 
structure. 


•  The  effect  of  other  environments  which 
will  modify  the  vibration  stresses. 

•  The  point  on  the  specimen  for  which  the 
responses  must  be  defined. 

•  The  presentation  of  the  minimum  labora¬ 
tory  vibration  data  which  assures  compliance 
with  the  requirements. 

Supplementing  pre -flight  and  flight  vibra¬ 
tion  Information  with  laboratory  transmlsslblllty 
data  enables  laboratory  vibration  test  require¬ 
ments  to  be  determined  with  a  considerable  de¬ 
gree  of  accuracy.  Such  transmlsslblllty  data 
are  of  help  In  defining  the  stress  level  modifi¬ 
cation  produced  by  the  vehicle  structure. 

A  complete  missile  undergoing  a  laboratory 
transmlsslblllty  test  is  shown  in  Fig.  1.  It 
should  be  noted  that  vibrators  are  attached  to 
the  vehicle  at  the  points  where  the  majority  of 
the  vibration  originates  and  are  oriented  off- 
axis  to  obtain  responses  in  the  horizontal,  ver¬ 
tical,  and  thrust  axes  simultaneously. 


CONVENTIONAL  THREE-PLANE 
TESTING  SHORTCOMINGS 

Vibration  test  requirements  are  usually 
referred  to  the  three  principal  planes  of  the  test 
specimen.  However,  test  requirements  permit¬ 
ting  individual  plane  testing  in  each  of  these 
three  separate  planes  cannot  provide  the  actual 
motion  requirements  for  several  reasons.  Some 
of  the  main  reasons  are: 

•  The  vibration  test  time  does  not  consider 
the  effect  of  the  extraneous  side  motion. 

•  The  Interaction  of  the  off-axis  vibration 
cannot  be  detected. 
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Fig.  1  -  Test  aetup  for  obtaining  complete  vehicle  tranamiaaibility  data 


•  The  total  effects  of  the  vehicle  nxiuntlng 
structure  are  not  evaluated. 

The  multi-plane  testing  technique  proposed  In 
this  paper  will  eliminate  several  of  these  short¬ 
comings. 


SINGLE  OBUQUE-PLANE  TESTING 

The  relationship  between  several  vibration 
planes  of  a  specimen  can  be  Illustrated  by  con¬ 
sidering  a  cube  which  represents  any  point  on  a 
specimen.  Figure  2  shows  accelerometers  pC, 
Y,  Z)  located  In  the  three  principal  planes  and 
additional  accelerometers  pC',  Y’,  Z')  located 
In  three  other  mutually  perpendicular  planes 
with  one  of  these  planes  pi')  being  perpendicu¬ 
lar  to  the  diagonal  of  the  cube.  Vibrating  this 
cube  at  ±10  g  In  each  of  the  principal  planes  and 
at  ±17  g  along  the  diagtmal  of  the  cube  produces 
acceleration  levels  In  the  six  planes  as  shown 
In  Table  1. 

The  acceleration  levels  In  the  principal 
planes  can  be  duplicated  by  a  single  test  along 
the  diagonal  of  the  cube,  although  It  Is  necessary 
to  increase  the  exciting  force  a  factor  of  1.7 
to  obtain  these  levels.  Vibration  In  each  of  the 
three  principal  planes  simultaneously  can  pro¬ 
duce  acceleration  levels  Identical  to  those 


Fig.  2  -  "Cube"  with  two  sets  of  three  mutxially 
perpendicular  accelerometers 


obtained  by  a  dlagonal-of-the-cube  test.  Since 
the  vibration  levels  In  the  X’,  Y',  and  Z*  planes 
are  usually  not  qieclfled  for  the  normal  three- 
plane  test,  it  does  not  necessarily  follow  that 
vibration  along  the  diagonal  of  the  cube  Is  an 
over-test. 

Vibration  tests  should  not  be  conducted  for 
the  sake  of  testing  alone,  but  rather  to  obtain 
reliable  systems.  Thus,  any  vibration  test  which 
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Table  1 


& 


i 


Summary  of  Cube  Vibration  with 
Excitation  in  One  Plane 


produces  the  desired  responses  in  the  specimen 
and  discloses  vehicle  hardware  defects,  accom¬ 
plishes  this  objective.  Establishment  of  a  sin¬ 
gle  oblique-plane  test  to  obtain  the  proper 
responses  requires  a  complete  knowledge  of  the 
specimen's  internal  construction  to  prevent 
over-testing  in  the  oblique  plane.  The  tech¬ 
niques  of  packaging  design  permit  many  pack¬ 
ages  to  be  tested  by  this  technique.  This 
method  is  probably  limited  to  applications 
where  there  is  a  constant  relationship,  throuf^- 
out  the  frequency  range,  between  the  desired 
acceleration  vectors  and  a  single  monitor 
accelerometer. 


Figure  3  shows  an  electronic  package  be¬ 
ing  vibrated  in  an  oUlqve  idane  to  detect  work- 
meneMp  and  component  defects  with  a  minimum 
of  flight  hardware  fatigue. 

The  sin^e  oblique-plane  technique  of  con¬ 
ducting  a  multi-plane  vibration  test  offers  the 
advantages  of  reduced  test  facility  costs,  re¬ 
duced  test  flow  time,  and  reduced  operating 
time  of  the  specimen. 


SIMULTANEOUS  PRINaPAL- 
PLANE  TESTING 

A  technique  using  three  vibrators  to  excite 
all  three  planes  simultaneously  is  shown  in 
Fig.  4.  A  separate  vibrator  is  emiAoyed  to  ex¬ 
cite  each  principal  plane  thus  permitting  the 
acceleration  levels  in  each  of  three  planes  to 
be  individually  controlled  as  required.  Oscillo¬ 
graph  records  taken  with  the  three-vibrator 
setup  verify  that  a  single  oblique-plane  test  is 
identical  to  a  simultaneous  three-plane  test, 
provided  the  phasing  is  the  same  throughout  the 
frequency  range  of  all  three  exciters.  Addi¬ 
tional  oscillograms  show  the  ability  to  verify 
the  input  acceleration  levels  in  each  of  the 
three  principal  planes.  The  records  have  been 
abbreviated  and  are  shown  in  Fig.  5.  As  the 
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Fig.  4  -  Test  setup  for  excitation  of  a 
"cube"  with  three  vibrators 
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specimen  size  Increases  from  packages  to 
whole  systems,  It  becomes  more  and  more 
difllcult,  if  not  impossible,  to  control  the  ex¬ 
traneous  side  motion  of  the  specimen  as  re¬ 
quired  lor  the  customary  three -plane  vibration 
test.  Fig.  6  shows  a  test  arrangement  presently 


Fig.  6  -  A  system  for  vibrating  complex  speci¬ 
mens  in  each  of  three  planes  with  a  minimum 
of  lateral  motion 


being  investigated,  which  will  reduce  side  mo¬ 
tion  with  large  specimen-to-armature  weight 
ratio. 

However,  during  simultaneous  three-plane 
vibration  tests,  there  is  no  undesirable  side 
motion  since  total  vibration  is  specified.  In 
some  instances  there  is  sufficient  vibration  in 
an  off-axis  so  that  only  limited  additional  force 
need  be  introduced.  For  example,  the  sine 
wave  response,  obtained  from  the  flight  moni¬ 
tor  locations  in  a  400-pound  system  being  vi¬ 
brated  in  the  vertical  plane  only,  is  plotted  in 
Fig.  7.  The  off-axis  vibration  was  equal  to  or 
greater  than  the  specification  levels  throughout 
the  major  portion  of  the  frequency  range. 

A  test  arrangement  to  make  use  of  this  off- 
axis  vibration  is  shown  in  Fig.  8.  The  fixturing 
consisted  of  the  vehicle  mounting  structure 
bolted  to  a  stiff  transition  casting  with  a  flat 
smooth  bottom.  This  casting  served  as  a  slid¬ 
ing  plate  on  an  oil  table  which  was  bolted  to  a 
25,000  force-pound  vibrator.  A  5000  force- 
pound  vibrator  was  connected  to  the  horizontal 
plane  of  the  transition  casting  with  two  30-inch 
drive  rods.  These  drive  rods  had  machined 
flexures  to  allow  the  specimen  to  move  freely 
in  the  vertical  plane. 


Fig.  7  -  Frequency  reepqnse  of  flight  location  accel¬ 
erometers  to  excitation  in  the  vertical  plane 
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Fig.  8  -  Test  setup  for  excitation  of  a  complex  structure 
with  two  vibrators 


For  the  test  shown  in  Fig.  8,  24  acceler¬ 
ometers  were  monitored  while  the  3  flight  mon¬ 
itor  locations  were  used  to  determine  the 
proper  vibration  Inputs.  The  system  was  equal¬ 
ized  In  the  vertical  plane,  with  the  second  vi¬ 
brator  attached,  by  making  a  preliminary  i2-g 
sine  wave  sweep  from  20  to  2000  cps,  con¬ 
trolled  by  the  vertical  accelerometer  only. 

From  this  information,  the  random  wave  Input 
to  the  25,000-force-pound  vibrator  was  shaped 
to  provide  the  specified  vibration  characteris¬ 
tics  in  the  vertical  plane.  The  specimen  was 
vibrated  lor  a  few  seconds  while  a  sample  of 
the  vibration  environment  was  recorded  on 
magnetic  tape.* 

The  analysis  of  the  vertical,  horizontal, 
and  thrust  responses  showed  that  excitation  in 
the  three  planes  could  be  brought  within  the  re¬ 
quired  specification  limits  by  the  addition  of 
some  low-frequency  (20-500  cps)  random  vi¬ 
bration  in  the  horizontal  plane.  The  horizontal 


*For  equalization  and  anaiyais  techniques,  see 
,Ref.  1. 

'Dubois,  W.  F.,  "Practical  Random  Vibration 
Measurement  Technique,"  Shock,  Vibration 
and  Associated  Environments,  Bulletin  No. 

31,  p. 


plane  vibrator  was  then  equalized  in  the  same 
manner  with  a  sine  wave  sweep.  This  time, 
both  vertical  and  horizontal  planes  were  vi¬ 
brated  simultaneously  and  the  specimen  re¬ 
sponses  recorded  on  magnetic  tape.  Figure  9 
shows  the  analysis  of  the  3  flight  monitor  loca¬ 
tions  with  excitation  in  the  vertical  plane  only 
and  with  excitation  in  both  vertical  and  horizon¬ 
tal  after  equalization  was  completed.  A  travel¬ 
ing  sine  wave  which  cycled  between  50-100  and 
300-2000  cps  with  both  vibration  systems, 
completed  the  vibration  requirements  for  this 
specimen.  The  specimen  responses  obtained 
during  this  test  correlated  well  with  both  flight 
and  ground  missile  vibration  data. 


MULTIPLE  SPECIMEN-PLANE 
TESTING 

Figure  1,  a  test  setup  previously  described 
lor  vibration  transmissibUlty  determination,  is 
also  illustrative  of  the  simultaneous  excitation 
of  more  than  one  specimen  plane.  In  this  case, 
the  two  shakers  were  not  perpendicular  to  each 
other,  and  further,  had  no  rectangular  relation¬ 
ship  to  the  principal  axes  of  the  missile.  How¬ 
ever,  because  of  the  use  of  the  complete  vehi¬ 
cle,  very  little  equalization  or  spectrum 
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Fig.  9  -  Response  in  three  planes  to  random  vibration  input 
with  one  and  two  vibrators 
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shaping  was  necessary,  since  ^e  overall  mis¬ 
sile  structure  had  the  effect  of  shaping  the 
shaker  inputs  to  the  desired  levels  and  spectra. 

The  test  was  used  to  isolate  flight  anomal¬ 
ies,  which  may  have  been  caused  by  vibration, 
and  to  check  the  vehicle  Instrumentation. 


CONCLUSIONS 

The  three  methods  of  combining  the  three 
planes  of  vibration  can  be  defined  separately  as 
follows: 

1.  Excitation  in  one  of  the  many  specimen 
planes  to  provide  the  desired  vibration  vector 
components. 


2.  Direct  simultaneous  excitation  of  the 
specimen’s  three  principal  planes. 

3.  Simultaneous  excitation  of  more  than 
one  of  the  many  specimen  planes. 

Before  these  techniques  can  be  used  for 
routine  laboratory  testing,  further  effort  must 
be  expended  to  determine  the  actual  flight  vi¬ 
bration  characteristics  and  which  vibration  test 
can  best  provide  the  desired  test  results.  Ve¬ 
hicle  reliability  improvements  do  not  necessar¬ 
ily  require  an  exact  duplication  of  the  service 
environments,  but  only  an  exact  duiAication  of 
the  service  anomalies.  The  single  vibration 
teats  described  can  produce  data  to  Increase 
flight  vehicle  reliability  at  a  reduced  overall 
cost. 
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DISCUSSION 


Mr.  Galtd  (NE8CO):  I  would  like  torestrlct 
my  remarks  to  the  case  of  the  diagonal  shaking. 
Actually  If  we  look  at  the  ordinary  vibration 
test,  we  remember  that  we  really  are  shaking 
in  three  planes  all  at  once.  They  don't  happen 
to  be  planes  vdilch  are  normal  to  the  nominal 
axis,  but  why  should  they  be?  These  vibration 
requirements  are  quite  arbitrary,  really. 

There  Is  no  particular  point  in  saying  that  any 
particular  axis  Is  a  true  prlneUxU  axis  as  fiur 
as  the  environment  Is  concerned.  If  we  want  to 
look  at  what  appears  to  be  the  geometry  of  the 
thing  and  say  that  these  are  the  principid  axes, 
that's  (ML  If  we  want  to  look  at  the  records  of 
actual  flight  and  say  that  the  total  of  some  Is 
along  some  other  axis,  that's  (NC  too,  but  we 
really  mustn't  define  a  physical  principal  axis 
and  start  to  shake  along  three  planes  normal  to 
that  until  we  actually  have  this  data.  I  would 
also  like  to  mention  that  this  case  of  diagonal 
shaking  seems  to  be  completely  Identical  to  a 
paper  that  was  presented  at  the  26th  Sympo¬ 
sium  in  El  Paso  by  a  man  from  GE,  (Dr. 
nmarltl). 

Mr.  Baber:  He  Is  referenced  in  the 
paper. 

Mr.  Stera  (GE):  I  think  this  paper  might 
have  been  labeUed  that  a  vector  can  be  broken 
into  three  components.  I  think  there  Is  one 
thing  you  are  overlooking  in  a  lot  of  the  testing. 
Even  thou^  you  may  drive  a  package  along  a 
principal  axis  and  even  though  the  motion  may 
be  fairly  well  defined,  there  is  nothing  to  say 
that  the  component.  If  we  were  thinking  of  a 
printed  board,  is  truely  aligned  in  the  same 
direction  as  the  direction  that  you're  driving. 

So  even  though  you  may  use  the  three  principal 
axes  from  a  gemnetrlc  standpoint,  you  actually 
excite  practically  all  the  components  in  all 
three  directions  even  though  you  don't  Intend 
to.  This  is  Just  a  practical  observation  of  what 
actually  hiviiens.  In  an  actual  test  you  excite 
components  all  the  time  no  matter  which  way 
you  are  driving  tfiem.  B's  Just  that  It  is  worse 
vdien  you  are  exciting  them  in  their  weakest 
direction.  An  I-beam  buckles  In  its  weakest 
axis,  not  in  its  strongest.  You  cant  predeter¬ 
mine  its  iwHiiig  the  way  you  would  like  it  to  be. 


Mr.  Baber:  I  probably  didn't  put  my  point 
across  here,  I  guess.  I  have  no  qualms  at  all 
about  the  excltati<m  in  the  three  principal 
planes.  I'm  merely  saying  that  that  is  what  is 
usually  done  and  the  vibration  tests  are  speci¬ 
fied  in  these  three  principal  planes.  I  think  90 
percent  of  them  are  irrespective  of  any  look 
at  the  Internal  structure  and  I  am  merely 
asking  that  the  internal  structure  of  the  speci¬ 
men  be  looked  at  —  it  has  nothing  to  do  with 
the  principal  planes  —  and  that  we  come  up 
with  the  actual  motion  that  is  desired  m 
some  specimen  inside.  The  point  1  brought 
out  was  that,  when  we  are  running  three  sep¬ 
arate  tests,  we  are  not  taking  into  account 
the  effects  of  the  side  motion.  We  some¬ 
times  monitor  them,  but  we  don't  use  them  to 
reduce  our  test  time  and  we  also  do  not  take 
into  account  the  interactions  that  occur 
between  the  three  simultaneous  planes  when 
they  are  being  vibrated  or  when  this  item  is 
mounted  in  the  vehicle.  You  do  not  have  an 
identical  motion  in  all  three  planes,  which  is 
what  we  are  doing. 

Mr.  Stem:  Well,  I  get  the  impression  you 
are  suggesting  a  certeln  amount  of  investi¬ 
gation  during  the  evaluation  test  of  the  partic¬ 
ular  black  box  to  determine  this.  Now  what  I 
have  in  mind  is  that  about  that  time  when  you 
are  doing  this,  the  product  engineer  is 
standing  there  and  he  has  agreed  to  meet  a 
contractual  agreement  for  so  many  minutes  in 
three  planes,  and  he  objects  quite  strongly. 

He  will  object  to  any  of  these  additional  inves¬ 
tigations  to  determine  what  might  be  the  best 
direction,  or  to  anything  you  would  like  to  do 
to  his  product,  which  of  course  has  to  be 
delivered  at  a  time  for  a  price. 

Mr.  Baber:  Unless  you  can  cut  down  his 
total  test  time. 

Mr.  Stem:  This  total  test  time  is  not  up 
to  him  or  you.  This  wm  signed  in  a  contract 
6  months  ago  when  you  agreed  to  deliver  the 
product. 

Mr.  Baber:  Well  as  Mr.  Yeager  pointed 
out,  we  sbould\>e  getting  into  the  original 
qwcs  and  not  waiting  until  the  Job  gets  to  the 
laboratory  before  we  decide  on  the  teat. 
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Mr.  ^rn:  One  other  point.  How  do  you 
account  for  the  fact  that  you  Induce  three  rota¬ 
tional  degrees  of  freedom  when  you  do  what 
amounts  to  off-center-of-gravlty  testing?  Do 
you  concern  yourself  with  this  or  are  you  not 
worried  about  It?  There  are  6  degrees  of  free¬ 
dom,  and  If  you  don't  drive  througdi  the  eg  there 
Is  going  to  be  rotation. 

Mr.  Baber;  All  I'm  asking  Is  that  the 
people  are  who  writing  the  specs  be  aware  of 
the  fact  that  the  laboratories  can  produce  such 
motions  (m  their  Item  and  that  we  would  like  to 
have  them  specify  what  these  motions  should  be. 
These  are  sewe  of  the  ways  that  we  can  actu¬ 
ally  produce  this  motimi. 

Mr.  Nankey  (GE);  I  would  like  to  point  out 
that  the  purpose  of  specifying  testing  In  three 
mutually  perpendicular  directions  Is  not  to  test 
those  three  directions,  but  to  provide  a  certain 
minimum  level  of  testing  in  all  possible  direc¬ 
tions.  This  particular  technique  that  you've 
described  just  falls  to  accomplish  that  purpose. 

Mr.  Baber:  Except  for  one  point,  we  are 
getting  Info  the  space  environments.  We  are 
combixiing  almost  all  environments  with  vibra¬ 
tion  and  we  may  have  sui  item  that  has,  let's  say, 
an  operational  life  of  perhaps  5  minutes.  When 
we  are  trying  to  find  out  what  Is  going  to  fall  in 
this  piece  of  hardware,  we  may  have  to  produce 
2  or  3000  degrees  of  temperature  while  we're 
vibrating;  we  may  put  this  thing  in  the  altitude 
chamber  at  some  200,  300,  or  400,000  feet;  we 
may  produce  the  acoustic  environment;  and 
now,  also,  we  have  to  run  three  separate  vibra¬ 
tion  tests.  It  means  that  we  either  have  to  have 
three  specimens,  because  they  have  a  limited 
operational  life  or  we  have  to  decide  at  that 
time  that  we  will  pick  one  or  the  other  plane  or 
go  to  a  technique  similar  to  this. 

Mr,  Nankey:  The  point  I  was  trying  to 
make  is  that  this  is  not  adequate  for  exciting  all 
the  possible  resonances  in  a  given  structure. 
Anything  that  is  perpendicular  to  the  direction 
that  you  have  chosen  to  drive  In  will  not  respond. 

Mr.  Bi^r;  But  we  can  vibrate  it  with  three 
vibrators  If  necessary . 

Mr.  Nankey's  reply  was  inaudible. 


Mr.  Ba^r:  Well,  there  is  an  infinite 
number  of  planes. 

Mr.  Foikois  (NRLl:  We  have  been  using 
an  inclined  bulkhead  for  shock  testing  for  the 
last  IS  years  so  if  you  want  a  reference  this 
has  been  done  for  a  good  long  uiiile,  well 
before  the  20th  Symposium.  However  the 
purpose  of  our  using  the  30-degree  inclined 
bulkhead  was  mainly  to  solve  a  practical 
problem.  Where  you  have  items  weighing 
4000  to  5000  pounds  and  because  the  machine 
applied  a  shock  motion  in  the  vertical  iqpward 
a^  downward  directiems,  we  had  a  problem  of 
reorienting  the  equipment  to  apply  shock 
motions  in  three  directions.  So  to  avoid  doing 
this  we  mounted  the  equipment  on  a  diagonal 
that  was  declined  30  degrees,  much  as  you 
have  done  there,  and  in  this  way  we  were  able 
to  get  shock  components  along  three  directions 
simultaneously.  We  were  able,  in  this  way, 
to  produce  damages  which  did  not  occur  if 
items  were  tested  in  a  single  orientation  only. 

Mr.  S^wabe  (Lodcheed):  It  has  been  my 
personal  observation  that  the  old-fashioned 
unidirectional  tests  tend  to  excite  a  frequency 
sensitive  item  at  lower  frequencies  in  direc¬ 
tions  orthogonal  to  the  direction  of  testing. 

At  higher  frequencies  an  item  is  excited  in 
many  directions.  I  wander  whether  you  had 
noticed  the  same  phenomena  with  your  multi¬ 
directional  testing? 

Mr.  Baber;  You  saw  the  one  item  that  we 
had  on  there.  It  was  a  400-pound  specimen  and 
it  was  being  qualification  tested.  Now  the 
point  was  that  vibrating  this  thing  three  times, 
once  in  each  of  its  planes,  was  infinitely  more 
of  a  test  than  exciting  the  three  principal 
planes  simultaneously,  or  in  any  other  method 
whereby  we  actually  used  the  flight  monitor 
locations  and  reproduced  the  same  motion  that 
occurred  in  flight  on  these  three  accelerom¬ 
eters.  Again,  all  I  want  to  point  out,  is  that 
the  tests  are  not  run  to  obtain  responses, 
they  are  not  dme  just  for  the  sake  of  vibration. 
The  tests  are  svwosed  to  be  designed  to  de¬ 
tect  flight  defects  and,  in  many  cases  —  es¬ 
pecially  vdien  we  are  talking  about  acceptance 
tests,  we  know  where  the  weak  spots  are  and 
we  can  orient  our  item  to  eliminate  the  need 
lor  a  lot  of  the  vibration  testing  that  is  pres¬ 
ently  being  done. 
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HIGH  INTENSITY  SONIC  TESTING-A  TOOL  FOR  THE 
STRUCTURAL  ANALYST 


J.  J.  Van  Houten 

L.ing*Temco-Vought  Research  Center 
Anaheim,  California 


Experimental  evaluation  of  structural  elements  is  the  paramount  factor 
in  predicting  the  integrity  of  flight  vehicle  performance  with  respect  to 
acoustically  induced  fatigue.  Accurate  prediction  requires  evaluation 
of  the  structural  response,  damping  charactex-istics,  system  nonlineari¬ 
ties  and  a  random  fatigue  test,  A  test  technique  is  described  which 
permits  this  evaluation  to  be  performed  in  one  versatile  testing  unit. 


INTRODUCTION 

The  prediction  of  acoustically  Induced 
fatigue  Is  strongly  dependent  on  experimental 
evaluation  and  proof  testing  of  structural  de¬ 
signs.  The  analyst  must  Interpret  the  fatigue 
history  of  representative  examples  of  the  struc¬ 
tural  configuration  In  terms  of  the  fatigue  life 
of  the  flight  vehicle.  Due  to  the  complexity  of 
the  structural  elements  Involved,  the  dynamic 
analyses  required  (prediction  of  resonant  char¬ 
acteristics,  localized  stress  levels,  damping, 
non-llnearltles,  and  so  on)  are  difficult  mtd 
often  Impractical.  For  this  reason,  the  struc¬ 
tural  engineer  relies  heavily  on  sonic  fatigue 
testing  of  representative  structural  elements 
for  basic  design  Information. 

The  system  required  to  perform  this  evalu¬ 
ation  and  proof  test  must  be  capable  of  gener¬ 
ating  sinusoidal  and  random  noise  over  a  broad 
frequency  range.  'The  use  of  sirens  as  an 
energy  source  permits  either  sinusoidal  or 
random  response,  but  can  only  In  a  limited  way 
provide  both.  However,  this  flexibility  is  avail¬ 
able  In  the  electro-pneumatic  transducer  which 
generates  acoustic  power  from  pneumatic  power 
by  electrodynamic  control.  This  device  and  Its 
use  In  progressive  wave  testing  for  sonic  envi¬ 
ronmental  simulation  will  be  described. 

PROGRESSIVE  WAVE  STRUCTURAL 
TESTING 

Progressive  wave  testing  offers  the  advan¬ 
tage  of  compact  test  equipment  size  with  the 


capability  of  generating  wide  band  acoustic 
energy  over  the  entire  audio  spectrum. 
Basically,  the  progressive  wave  system  (Fig.  1) 
consists  of: 

e  Acoustic  energy  source;  electro¬ 
pneumatic  transducers. 

e  Acoustic  Impedance  matching  of  source 
to  test  section;  a  suitable  exponential  connector 
Is  used  to  match  the  snoall  cross  sectional  area 
of  the  transducer  to  the  larger  test  section  area. 

e  Test  section;  a  narrow  channel  Is  used 
with  one  side  opened  to  accommodate  the  struc¬ 
tural  element  to  be  tested.  A  square  cross  sec¬ 
tion  Is  provided  for  electronic  equipment 
evaluation. 

e  Acoustic  termination;  absorptive  wedges 
are  placed  In  a  matching  channel  in  order  to 
avoid  standing  waves. 

When  structural  testing  Is  the  prime 
requirement,  a  narrow  channel  Is  used  to  gen¬ 
erate  grazing  Incident  sound.  For  example,  the 
test  section  of  the  system  shown  In  Fig.  1,  is  6 
by  30  inches.  It  will  accommodate  a  panel  with 
maximum  dimensions  of  30  by  40  Inches. 
Acoustic  energy  Is  provided  by  four  electro¬ 
pneumatic  transducers  which  produce  In  excess 
of  8000  acoustic  watts  of  power. 

ELECTRO- PNEUMATIC  TRANSDUCER 

The  principle  of  operation  of  an  electro¬ 
pneumatic  transducer  has  been  known  for  at 
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Fig.  1  -  Progressive  wave  tube 


least  25  years.  A  comprehensive  review  of  its 
development  is  given  by  Burgess  and  Salmon.^ 
The  device  now  in  use,  illustrated  in  Fig.  2,  is 
described  in  detail  by  Hilliard  and  Flala.^  Es¬ 
sentially,  it  consists  of  a  stationary  inner  ring 
and  a  movable  outer,  modulator  ring.  Both  the 
inner  and  outer  rings  contain  two  rows  of 
matching  slots.  The  outer  ring  is  driven  elec¬ 
trodynamically  relative  to  the  stationary  inner 
ring  and  modulates  air  passing  through  the 
slots.  At  full  modulation  the  device  generates 
2000  acoustic  watts.  This  is  accomplished  with 
300  scfm  (standard  cubic  foot  per  minute)  of  air 
at  40  psi.  The  electrical  power  necessary  to 
obtain  100-percent  modulation  is  100  watts.  The 
response  of  the  unit  is  flat  to  800  cps  and  falls 
off  at  6  db  per  octave  above  this  frequency. 


MODULAR  DESIGN  CONCEPT 

With  the  electro-pneumatic  transducer  a 
modular  concept  in  system  design  is  possible. 
Each  module  consists  of  the  transducer  and  an 
exponential  connector  which  terminates  in  a  7 
by  7-inch  cross  section.  The  exponential  con¬ 
nector  is  6  feet  long  and  has  a  lower  cut  off  fre¬ 
quency  of  40  cps.  This  module  is  shown  in 
Fig.  3.  Various  arrays  can  be  constructed  by 


^Burgess,  J.  C.  and  Salmon,  V.,  "Development 
of  a  Modulated  Air  Stream  Loudspeaker," 
Stanford  Research  Institute  (Dec.  30,  1955). 

^Hilliard,  J.  K.  and  Fiala,  W.  T.,  "Methods  of 
Generating  Increased  Sonic  Power  For  Envi¬ 
ronmental  Testing,"  lES  I960  Annual  Conven¬ 
tion,  Los  Angeles  (Apr,,  1960). 


use  of  these  modules.  An  example  of  a  2  by  5 
transducer  array  is  shown  in  Fig.  4.  Mth  this 
array,  20,000  acoustic  watts  may  be  generated. 
Since  the  array  is  portable  it  can  be  used  in 
either  a  square  cross  section  progressive  wave 
tube  for  electronic  equipment  evaluation  or  a 
progressive  wave  tube  channel  for  fatigue  test¬ 
ing.  Also,  a  suitable  connector  may  be  provided 
for  coupling  the  array  to  a  reverberation  cham¬ 
ber.  The  facility  shown  in  Fig.  5  is  being  con¬ 
structed  at  the  Douglas  Aircraft  Company  and 
exemplifies  this  possibility.  In  this  facility, 
progressive  wave  testing  to  170  db  and  rever¬ 
beration  chamber  work  to  160  db  will  be 
possible. 


PROGRESSIVE  WAVE  CHANNEL  FOR 
STRUCTURAL  EVALUATION 

A  four-transducer  progressive  wave  chan¬ 
nel  is  in  use  at  the  Research  Center.  An  over¬ 
all  view  of  the  facility  was  shown  in  Fig.  1.  The 
progressive  wave  propagates  to  a  6  by  30-inch 
cross  section  in  which  structural  elements  hav¬ 
ing  maximum  dimensions  of  30  by  40  Inches, 
may  be  tested.  Figure  6  shows  a  panel  in  the 
test  section  of  the  tube;  it  also  Illustrates  the 
quick  disconnect  clamping  arrangement  which 
provides  easy  access  to  the  panel  for  Inspection. 


CONTROL  AND  ANALYZING  EQUIPMENT 

The  schematic  of  the  complete  control  and 
analyzing  equipment  in  use  with  the  progressive 
wave  tube  described  is  shown  in  Fig.  7. 
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Fig.  2  -  Electro- pneumatic  transducer  assembly 


Fig.  3  -  Transducer/ connector  module 


Fig.  4  -  Transducer/connector  array 
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Fig.  6  -  Typical  structural  panel  in  progressive  wave  channel 
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Fig.  7  -  Control  and  analysing  equipment  for  sonic  environmental  system 
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Fig.  8,  -  Frequency  response  of  6  by  30-inch 
progressive  wave  tube 


OCTAVE  BAND  FREQUENCY  (CPS) 

Fig.  9  '  Random  noise  spectrum  of  6  by  30-inch 
progressive  wave  tube 


Three  signal  sources  can  be  selected:  a 
white  noise  source,  a  sinusoidal  signal,  or  the 
output  of  a  magnetic  tsqpe  recorder.  Shaping  of 
the  white  noise  signal  Is  possible  with  the  octave 
equalizer  which  allows  Individual  attenuation  of 
each  band.  Measurement  and  analysis  of  the 
pressures  In  the  test  section  are  accomplished 
with  condenser  microphones  and  a  spectrum 
analyzer. 

The  condenser  microphone  output  may  be 
coupled  to  the  compressor  Itqmt  of  the  audio 
frequency  generator  by  means  of  a  preamplifier. 


With  this  arrangement,  the  sound  pressure  at 
the  selected  microphone  position  can  be  kept 
constant  throughout  the  sweep  range  of  the 
generator  within  the  system  capability. 

With  the  electro-pneumatic  transducer 
operating  at  full  modulation  the  maximum  sound 
pressure  response,  shown  In  Fig.  8,  was 
obtained.  In  general,  iqq>roximately  S-percent 
harmonic  distortion  occurred  at  these  maximum 
levels.  With  an  exponential  connector  having  a 
lower  flare  constant,  adequate  response  could 
be  obtained  down  to  5  cps.  This  has  been 
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demonstrated  in  our  laboratory  in  a  1  by  1- 
Utch  progressive  wave  tube.  The  maximum 
random  noise  environment  generated  in  the  6 
by  30-inch  progressive  wave  tube  is  shown 
in  Fig.  9.  An  overall  sound  pressure  level  of 
166  (&  (re:  0.0002  dynes/cni^)  was  achieved 
with  an  octave  distribution  as  shown  in  Fig.  9. 
At  these  high  sound  levels,  approxinoately  8-db 
side  band  octave  control  of  random  noise  is 
possible.  At  lower  levels,  much  greater  side 
band  control  can  be  achieved.  The  distortion 
of  the  signal  as  it  propagates  down  the  tube 
creates  harmonics  and  provides  significant 


acoustical  energy  above  the  normal  operating 
range  of  the  transducer. 

CONCLUSION 

By  use  of  progressive  wave  testing  and  the 
electro-pneumatic  transducer,  it  is  possible  to 
provide  an  energy  source  for  a  wide  range  of 
testing  situations,  tt  meets  adequately  the  re¬ 
quirements  of  structural  fatigue  testing,  provid¬ 
ing  both  sinusoidal  and  random  noise  in  one  unit. 
Considerable  growth  is  possible  as  a  result  of 
the  modular  concept  in  source  design. 


DISCUSSION 


Mr.  Schwabe  (Lockheed):  I  noticed  that  you 
had  a  heavy  type  of  coating  on  those  horns. 

Could  you  explain  what  that  particular  coating 
is? 

Mr.  Van  Houten:  That's  a  material  called 
aquaplaz.  It  is  made  by  Blanchford  Corporation 
in  the  east.  A  fairly  gummy  substance  when  it 
goes  on,  it  gets  relatively  hard,  but  has  very 
good  damping  properties.  The  tube  that  you  saw 
is  of  double  walled  aluminum  construction  and 
both  sides  of  the  inside  plates  also  are  coated 
with  0.25  inch  of  aquaplaz. 

Mr.  Volin  (NOL  White  Cfak):  What  is  the 
noise  level  on  the  exterior  of  the  first  test  unit 
where  people  would  walk  around?  How  would 
you  describe  it? 

hto.  Van  Houten:  Very  unpleasant.  This 
type  of  a  tube,  particularly  a  tube  for  structural 
testing,  would  have  to  be  placed  in  an  abatement 
room  away  from  the  control  area.  This  is 
mainly  because  your  structural  panel  is  the 
weakest  link  acoustically  in  the  system  and  is 
going  to  provide  at  best,  for  a  normal  missile 
or  aircraft  type  structure,  20-db  attenutation. 

So  if  you  are  generating  165  db  inside  you've 
got  145  db  outside,  the  chamber  plus  reverber¬ 
ation  buildup  outside  the  chamber.  So  you  do 
have  to  put  this  small  facility  in  an  abatement 
room. 

Mr.  Volin:  How  does  the  noise  level  fall 
off  as  you  get  away  from  the  chamber?  I  assume 
that  you  have  some  attenuation  as  you  move 
away  from  the  chamber.  T  m  speaking  of  cases 
where  you  have  to  run  a  full  power  test. 

Mr.  Van  Houten:  Essentially,  the  abatement 
room  we  constructed  at  our  facility  consists  of 
two,  2  by  4  isolated  walls,  rather  an  inexpensive 
and  temporary  type  structure.  At  fuU  power 


operation,  166  db,  we  had  about  90  db  in  our  test 
area  which  was  within  6  feet  of  the  tube,  but 
Isolated  by  this  wall. 

Mr.  Hillyer  (Sandia):  Can  you  give  me  some 
idea  of  the  noise  gradient  as  you  go  away  from 
your  170-db  level,  are  you  measuring  this  right 
at  the  center  of  your  test  section  at  the  start  or 
what? 

Mr.  Van  Houten:  The  response  curve  shown 
is  with  a  dummy,  extremely  heavy,  stiff  panel  in 
the  test  section.  The  panel  greatly  affects  the 
response  of  the  progressive  wave  as  it  propa¬ 
gates  down  the  tube.  I  would  say  there  is  cer¬ 
tainly  going  to  be  a  considerable  gradient. 

There  is  a  very  good  Southampton  report  on 
such  a  facility  that  does  describe  the  spatial 
correlation  within  such  a  test  section.  I  think 
your  question  has  to  do  with  spatial  correlation. 
They  cover  this  aspect  of  the  problem  quite 
thoroughly. 

Voice:  Do  you  get  any  cross  talk? 

Mr.  Van  Houten:  1  believe  the  question  is 
do  we  have  standing  waves  perpendicular  to  the 
chamber?  Certainly  you  do.  As  we  go  up  in 
frequency,  we  are  going  to  drive  all  the  eigen- 
tones  or  modes  of  the  chamber.  Theoretically, 
the  volume  velocity  is  in  a  direction  which 
doesn't  permit  a  most  advantageous  drive  of 
these  cross  modes,  but  they  do  exist. 

Mr.  C^uvaln  (Atomics  International):  Do  I 
understand  that  this  horn  will  give  you  10  kc? 

Mr.  Van  Houten:  No,  I  described  the 
response  of  the  device  as  being  flat  to  around 
800  cycles  and  then  falling  off  at  about  6  c8>  per 
octave,  except  that  it  goes  off  quite  steeply  at 
around  2  kc.  It's  an  electrodynamic  device  and 
is  mass  controUed  at  the  high  end.  The  problem 
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is  In  getting  the  frequency  high  enough  while 
■till  being  able  to  move  the  small  modulator 
ring  with  an  amplitude  sufficient  to  modulate 
the  air  stream. 

Mr,  Morrow  (Haves  International):  Can  you 
get  precise  control  of  your  spectral  sh^te? 

Mr.  Van  Houten:  At  low  levels,  let's  say, 
in  the  order  of  145  to  150  db,  yea  you  can.  You 
can  put  in  a  third  octave  and  you  get  out  the 
third  octave.  As  you  go  on  up  In  frequency  the 
propagation  distortion  Is  generating  significant 
harmonic  energy  and,  at  about  160  db,  I  would 
say  your  side  band  octave  control  is  of  the  order 
of  8  db. 

Mr.  Morrow:  Can  you  shift  your  peak  to 
fairly  low  frequencies  ? 

Mr.  Van  Houten:  Certainly.  As  I  say,  it  is 
an  electrodynamic  device.  It  will  modulate  at 
the  frequency  at  which  it  is  excited,  particularly 
at  low  frequencies,  since  below  resonance  it's 
relatively  flat. 

Mr.  Euler  (Bendix):  Do  you  calibrate  your 
own  microphones,  and  if  so,  what  is  your  esti¬ 
mate  of  accuracy  at  170  db? 

Mr.  Van  Houten:  The  calibration  of  the 
microphones  is  performed  by  the  Altec  Lansing 
Corporation,  as  you  might  suspect.  I  would  say 
the  accuracy  in  this  range  Is  quite  good  -  plus 
or  minus  1  db.  A  condenser  microphone  Is  used; 
this  Is  a  relatively  easy  device  to  calibrate  at 
these  higher  sound  levels. 

Dr.  Frlcke  (Bell  Aerosystems):  You  pointed 
out  your  acoustic  power  is  about  2000  watts.  Is 
that  correct? 

Mr.  Van  Houten:  Yes  sir. 

Dr.  Frlcke:  How  did  you  measure  your 
acoustic  power  ? 

Mr.  Van  Houten:  This  Is  pretty  easy  and 
quite  accurate  in  a  progressive  wave  tube 
because  you  sure  measuring  the  sound  pressure 


level  across  the  tube.  From  this  you  can  con¬ 
vert  directly  to  intensity  which  gives  you  the 
wattage  per  square  centimeter.  You  know  the 
number  of  square  centimeters,  so  you  can 
calculate  the  power. 

Dr.  Frlcke:  This  Is  right  as  long  as  you 
don't  assume  any  loss  between  your  output  and 
the  point  where  you  have  your  microphone.  How 
good  Is  your  progressive  wave  system?  I  guess 
you  might  have  some  reverberant  characteris¬ 
tics,  so  do  you  have  a  complete  absorption  in 
your  progressive  wave  system  ?  How  did  you 
control  this  ?  It  Is  a  pretty  Important  point 
because  sometimes  you  like  to  have  a  reverber¬ 
ant  system  to  simulate  reverberant  conditions 
and  sometimes  for  acoustical  fatigue  tests  you 
like  to  have  progressive  wave  system. 

Mr.  Van  Houten:  You  can  certainly  get  an 
idea  of  this  directly  from  a  response  curve, 
particularly  at  lower  levels,  where  you  don't 
have  the  distortion.  As  you  noticed  the  response 
of  the  device  Is  falling  off  starting  at  around 
100  cycles.  We  noticed  a  very  definite  standing 
wave  at  around  40  cycles  with  an  antinode  occur¬ 
ring  around  60  cycles,  so  that  this  Is  causing 
our  fall  off.  The  answer  to  your  question  Is  that 
we  did  not  have  a  good  progressive  wave  at  these 
lower  frequencies.  The  reason  Is  the  limitation 
on  the  absorption  unit.  You  can  have  as  good  a 
standing  wave  as  you  want  to  make  an  absorp¬ 
tion.  The  longer  you  make  the  absorption,  the 
better  progressive  wave  system  you  are  going 
to  have.  There  are  some  practical  limitations 
here  on  the  length  of  the  tube. 

Mr.  F.  Edgtngton  (White  Sands):  Asked  how 
input  to  the  modulator  was  controlled  to  obtain 
the  octave  band  distribution  of  Fig.  9  ? 

Mr.  Van  Houten:  Actually,  what  was  done 
here  was  equalization  through  the  octave  equal¬ 
izer  to  give  the  maximum  output  of  the  trans¬ 
ducer.  Putting  In  a  constant  level  of  all  fre¬ 
quencies  Is  Inefficient  since  then  the  devices 
would  be  over  modulating  at  low  frequencies 
and  under  modulating  at  higher  frequencies.  So 
you  tend  to  put  the  energy  in  at  the  higher 
frequencies. 


* 


•  * 
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THE  USE  OF  A  VACUUM  TECHNIQUE  FOR  ATTACHING  A  TEST 
FIXTURE  TO  A  VIBRATION  EXCITER 


C.  D.  Robbins 

Temco  Electronics  and  Missiles  Company 
Dallas,  Texas 


In  a  testing  program  where  a  test  is  to  be  repeated  many  times  it  is 
expedient  in  both  cost  and  schedule  to  design  a  test  setup  that  can  be 
accomplished  in  the  minimum  time.  This  paper  presents  a  method  for 
attaching  a  vibration  fixture  to  an  exciter  by  means  of  a  vacuum  suc¬ 
tion  rather  than  the  conventional  bolt-tapped  hole  method. 


INTRODUCTION 

The  production  test  requirements  on  the 
MINUTEMAN  Stage  I,  II,  and  III  hydraulic 
servocy Under s,  Included  a  vibration  test  on 
each  servocyllnder  of  5-g  rms  from  5  to  1000 
cps.  The  number  of  Items  to  be  tested  during 
the  first  phase  of  the  program  wa.a  600  for  each 
stage  In  each  of  3  axes  -  a  total  of  5400  axes. 

The  test  procedure  required  that  the  Input 
acceleration  at  the  three  attach  points  of  the 
servocyllnder  be  at  the  same  Intensity  within 
±l-g  rms,  therefore  It  was  necessary  to  design 
a  very  rigid  fixture  with  low  transmlsslblllty 
over  the  vibration  frequency  range.  Three 
major  disadvantages  were  encountered  In  a 
design  using  the  conventional  method  of  bolting 
the  fixture  to  the  vibration  exciter.  First,  since 
It  would  have  been  necessary  to  remove  the 
servocyllnder  and  all  electrical  and  hydraulic 
connections  from  the  fixture  to  gain  access  to 
the  bolts,  excessive  time  would  have  been 
required  for  this  operation.  Second,  the  bolt 
holes  in  the  fixture  would  have  worn  severely 
before  the  end  of  the  production  program. 

Third,  it  would  have  teen  difficult  to  have 
tightened  the  bolts  each  time  so  as  to  Insure 
repeatable  acceleration  Inputs  to  the  servo¬ 
cyllnder.  These  problems  were  eliminated  or 
greatly  reduced  by  use  of  the  vacuum  suction 
technique.  In  this  technique,  a  small  pump  is 
used  to  pull  a  vacuum  between  a  permanent 
plate  bolted  to  the  exciter  armature  and  the  jig 
fixture.  The  suction  created  by  the  vacuum 
was  sufficient  to  hold  the  fixture  In  place. 
Changing  axes  was  accomplished  simply  by 
turning  off  the  vacuum  pump  and  physically 


lifting  the  fixture  from  the  permanent  plate  and 
rotating  It  to  the  next  desired  axis. 


FIXTURE  DESIGN 


Design  Objectives 

The  primary  design  objectives  were: 

•  To  minimize  fixture  resonances  and 
transmlsslblllty  so  that  the  specified  Input 
acceleration  at  the  three  attach  points  could  be 
realized  with  acceptable  test  repeatability; 

•  To  minimize  the  time  required  to  mount 
the  fixture  on  the  exciter  and  to  change  its 
orientation  from  one  axis  to  another; 

e  To  keep  the  total  weight  within  the  capa¬ 
bility  of  the  exciter  without  using  external 
flexures;  and, 

e  To  minimize  the  common  problems  with 
bolts,  such  as  stripping  or  wearing  out  hole 
threads  and  excessive  wear  of  fixture  holes. 


Vacuum  Technique  Theory 

The  force,  F,  holding  a  cap  on  a  vacuum 
chamber  is  given  by 

F  =  AP, 

where  A  Is  the  area  of  the  cap,  and  p  Is  the  preS' 
sure  differential  on  opposite  sides  of  the  c^>. 
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It  was  realized  that  if  a  vacuum  chamber  could 
be  fabricated  and  bolted  to  a  vibration  exciter, 
such  that  the  chamber  cap  would  be  a  part  of  the 
vibration  fixture,  an  expedient  way  of  mounting 
the  fixture  to  the  exciter  would  be  obtained.  In 
the  final  result,  a  circular  cap  with  a  6-inch 
diameter  was  used.  The  vacuum  pump  provided 
a  pressure  differential  of  approximately  14 
pounds,  therefore  the  force  holding  the  fixture 
to  the  exciter  was  approximately  396  pounds. 
The  greatest  mass  Involved  during  the  test,  in¬ 
cluding  fixture,  vacuum  chamber,  and  test  arti¬ 
cle,  was  26  pounds.  The  peak  force  acting  to 
separate  the  fixture  from  the  exciter  is  given  by 

I  f  =  1.414GM. 

I 

i  where  G  is  the  rms  acceleration  and  M  is  the 

I  mass  of  the  cap,  fixture,  and  test  article.  Since 
G  =  5  and  M  =  26  the  peak  force  was  184  pounds. 
Thus  the  force  margin  was  115  percent. 


Basic  Fixture 

Since  the  Temco  Test  Laboratories  have 
had  outstanding  success  with  KIA  magnesium 
castings  in  the  fabrication  of  production  vibra¬ 
tion  test  fixtures,  the  basic  fMure  was  cast 
from  this  material.  The  fixture  for  the  Stage  n 
servocyllnder  is  shown  in  Fig.  1.  It  was  neces¬ 
sary  to  lighten  the  Stage  I  and  Stage  II  fixtures 
by  drilling  weight  reducing  holes  in  the  2-inch 
thick  walls.  Each  fixture  accommodated  the 
servocyllnder  for  vibration  in  all  three  axes. 
Instead  of  drilling  and  tapping  directly  into  the 


Fig,  1  -  Basic  fixture 


magnesium  for  the  test  article  mounting  bolts, 
steel  inserts  were  Installed  in  the  fixture. 

These  bolts  not  only  added  strength,  but  pre¬ 
vented  thread  deterioration  as  the  bolts  were 
repeatedly  Inserted  and  removed  during  the 
production  program.  The  fixture  overall  dimen¬ 
sions  were  approximately  11  by  9  by  6  inches. 


Receptacle 

An  aluminum  receptacle.  Illustrated  in 
Fig.  2,  was  bolted  to  the  vibration  exciter  ar¬ 
mature.  Receptacle  depth  was  0.50  inch.  The 
inside  diameter  was  6.000  -t-O.OOl,  -0.000  inches. 
The  diameter  of  the  bottom  of  the  receptacle 
was  that  of  the  armature,  4  inches.  The  outside 
diameter  of  the  receptacle  was  6.75  Inches.  It 
was  necessary  to  make  the  diameter  of  the  re¬ 
ceptacle  greater  than  that  of  the  exciter  arma¬ 
ture  to  provide  sufficient  vacuum  area  to  gen¬ 
erate  the  force  required  to  hold  the  fixture  in 
place  and  assure  stability.  The  height  and  depth 
of  the  O-rlng  groove  was  0.170  and  0.123  inch, 
respectively,  as  suggested  by  the  manufacturer 
of  the  6  by  6.25  by  0.125-inch  Buna  N  rubber 
O-rlng  used.  A  hole  was  drilled  in  the  bottom 
and  side  of  the  receptacle  to  accommodate  the 
line  to  a  small  vacuum  pump.  A  two  way  valve 
in  the  vacutun  line  provided  an  expedient  means 
for  venting  the  atmosi^ieric  pressure  to  the 
vacuum  chamber  during  the  process  of  changing 
axes. 


Fig.  2  -  Seal  cap 


Aluminum  was  chosen  for  the  receptacle 
and  seal  caps  since  it  was  better  suited  than 
magnesium  for  rough  handling  by  the  test  per¬ 
sonnel.  The  critical  area  of  the  basic  fixture 
was  quite  well  protected  by  the  seal  cap. 


190 


Seal  Cap 

An  aluminum  seal  cap  5.994  *  0.000,  -0.001 
inches  In  diameter  was  bolted  to  each  face  of 
the  basic  fixture,  as  shown  in  Fig.  1.  The  thick¬ 
ness  of  the  cap  was  0.40  inch,  which  was  0.10 
inch  less  than  the  depth  of  the  receptacle.  It 
was  desirable  to  have  as  small  a  volume  as  pos¬ 
sible  between  the  cap  and  the  receptacle  so  that 
minimum  time  would  be  required  to  create  the 
vacuum,  yet  be  assured  that  in  the  final  assem¬ 
bly  the  cap  would  not  touch  the  receptacle.  The 
oidy  sealant  required  between  the  fixture  and 
the  cap  was  a  heavy  silicon  grease.  Possibly 
any  other  grease  would  have  worked  as  well. 
Care  was  taken  in  locating  the  caps  so  that  the 
center  of  gravity  of  the  fixture  and  test  article 
would  align  with  the  center  of  the  vibration  ex¬ 
citer.  It  might  be  pointed  out  that  in  one  case 
the  cap  edge  extended  approximately  1/4  inch 
beyond  the  edge  of  the  fixture.  This  evidently 
caused  no  resonant  problems  during  the  test. 

The  only  force  acting  on  the  cap  was  the  force 
generated  by  accelerating  the  cap. 


Fig.  3  -  Complete  assembly  mounted  on 
vibration  exciter 


Final  Assembly 

When  the  cap  had  been  Inserted  in  the  re¬ 
ceptacle,  the  face  of  the  fixture  rested  on  the 
upper  rim  of  the  receptacle.  After  the  caps  had 
been  attached  to  the  fixture,  a  course  lapping 
compound  was  placed  between  the  fixture  and 
the  receptacle  rim.  The  surfaces  were  ground 
by  hand,  approximately  5  minutes  each,  until 
the  mating  surfaces  were  flat.  A  course  lapping 
compound  was  used  since  a  high  finish  was  un¬ 
desirable  because  any  grease  or  oil  between 
the  two  high  finished  surfaces  would  have  de¬ 
creased  the  ease  of  separating  the  surfaces. 
Figure  3  shows  the  complete  Stage  I  servo- 
cylinder  assembly  mounted  on  the  vibration  ex¬ 
citer.  Figure  4  shows  the  complete  test  setup. 


Fixture  Evaluation 

Preceding  the  test,  each  fixture  was  loaded 
with  a  dummy  mass  and  the  vibration  level  at 
which  the  fixture  and  receptacle  became  sepa¬ 
rated  was  determined.  The  maximum  level 
without  chatter  ranged  from  10-  to  14-g  peak 
for  the  various  fixtures.  For  one  or  two  of  the 
eight  fixtures  the  g  level  was  less  than  10,  how¬ 
ever,  additional  fixture- receptacle  mating  sur¬ 
face  grinding  increases  the  point  of  separation 
to  at  least  a  10-g  peak. 

The  evaluation  of  the  fixture  indicated 
achievement  of  the  design  objectives.  Maxi¬ 
mum  total  weight  was  26  pounds,  well  within  the 


capability  of  the  exciter.  The  time  required  to 
mount  the  fixture,  after  the  servocylinder  had 
been  Installed,  or  to  change  axes  was  approxi¬ 
mately  10  seconds.  There  was  no  repetitious 
bolt  operation  involved  in  the  setup,  except  that 
required  to  mount  the  servocylinder  to  the 
fixture. 


COMPARISON  OF  VACUUM  VERSUS 
BOLT  TECHNIQUES 

During  the  quality  verification  tests  (QVT), 
which  were  performed  simultaneously  with  the 
production  tests,  duplicate  basic  test  fixtures 
were  used.  Since  these  QVT  tests  required  a 
much  higher  vibration  test  level,  the  vacuum 
method  could  not  be  used;  instead,  the  fixtures 
were  bolted  to  the  vibration  exciter.  Therefore, 
since  the  setups  for  qualification  and  production 
tests  were  identical  except  for  the  mechanical 
coupling,  a  direct  comparison  of  time  and  fabri¬ 
cation  costs  of  the  two  methods  was  obtained. 

The  following  expenditures  do  not  Include  costs 
common  to  each  method  such  as  procurement, 
design,  and  machining  of  the  basic  fixture.  The 
cost  of  two  receptacles,  24  caps,  sealant,  and 
assembly.  Including  all  material  and  labor,  was 
approximately  $1000.00.  The  vacuum  pump  cost 
an  additional  $100.00.  Since  this  method  was  a 
"first  effort”  for  Temco,  engineering  and  design 
time  was  24  hours,  which  is  greater  than  it  will 
be  in  the  future.  The  total  cost  for  eight  com¬ 
plete  vacuum  type  assemblies  was  approximately 
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1$  1500.00,  or  less  than  $200.00  each;  whereas, 
cost  for  preparing  four  bolt  type  fixtures  was 
approximately  $460.00,  or  $115.00  each. 

I  Time  required  to  change  axes,  or  to  change 

'  from  one  test  article  to  another,  during  the  qual- 
I  ification  test,  using  bolts,  was  about  1  hour; 

I  whereas  the  vacuum  meth^  required  about  10 

seconds.  Thus,  the  saving  was  approximately 
5400  manhours  or,  with  two  10-hour  shifts  per 
day,  270  days  on  the  production  schedule.  Of 
course,  this  schedule  time  could  have  been  made 
up  by  procuring  additional  vibration  exciter  sys¬ 
tems  and  using  more  technicians  on  the  produc¬ 
tion  test. 

Proper  consideration  should  be  given  to  the 
fact  that  a  large  excitation  caused  by  an  error 
by  the  operator  or  an  exciter  malfunction  could 
cause  the  fixture  to  become  separated  from  the 
receptacle.  Some  means  of  preventing  the  fix¬ 
ture  from  falling  to  the  floor.  If  separation  did 
occur,  should  be  provided.  For  the  application 


presented  here,  the  hydraulic  lines  provided 
sufficient  support  to  protect  the  servocyllnder. 

Errors  resulting  in  an  excitation  level  above 
approximately  10-g  peak  are  quickly  deleted 
because  the  operator  can  hear  the  fixture-seal 
cap  clatter.  This  is  another  advantage  of  the 
vacuum  method,  particularly  when  less  experi¬ 
enced  technicians  are  performing  the  tests. 


APPLICATION  HISTORY 

The  fixtures  and  vacuum  mount  were  com¬ 
pletely  satisfactory  after  8  months  of  continuous 
use.  The  only  replacement  parts  required  were 
a  few  O-rings.  The  receptacles  and  caps  expe¬ 
rienced  a  few  scratches  and  dents,  but  continued 
to  operate  prqperly. 

There  were  only  three  occasions  when  the 
fixture  became  separated  from  the  exciter  due 
to  transients  in  the  exciter  system. 
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FUTURE  APPUCATICMS 


TABLE  1 


The  vibraticm  system  used  for  the  MINUTE- 
MAN  servocyllnder  production  test  consisted  of 
a  Ling  Model  219  exciter  and  a  Ling  RP  3/4  am¬ 
plifier.  Two  systems  were  used  during  the  pro¬ 
gram.  The  vacuum  method  could  be  us^  on 
larger  exciters  for  certain  tests.  Table  1  shows 
the  force  available  for  holding  the  fixture  for  a 
few  exciters  if  the  receptacle  diameter  is  the 
same  as  the  shaker  head.  If  the  diameter  of  the 
receptacle  is  extended  by  4  inches  in  a  manner 
similar  to  that  of  the  MINUTEMAN  setup,  the 
forces  would  be  as  in  Table  2. 

Some  modifications  for  the  larger  diameter 
fixtures  would  be  necessary  to  decrease  the 
problems  of  resonance.  One  suggestion  would 
be  to  fabricate  the  receptacle  with  one  or  more 
rings  In  the  bottom  to  support  the  center  porticm 
of  the  plate.  It  would  be  necessary  to  grind  all 
mating  surfaces  at  the  same  time  to  insure  an 
even  support  between  the  two  parts. 


Shaker 

Holding 
Force  (lb) 

Model  No. 

Head 

Diameter  (inches) 

A175 

8.875 

870 

A246 

16.250 

2900 

A249 

28.375 

8850 

TABLE  2 


Shaker 

Holding 
Force  (lb) 

Model  No. 

Head 

Diameter  (inches) 

A175 

12.875 

1820 

A246 

20.250 

4500 

A249 

32.375 

11500 

* 


* 


* 


COMBINED  ENVIRONMENTAL  TESTING  ON  THE  HOLLOMAN  TRACK 


L.t,  Col.  Li.  M.  Bogard 
Track  Test  Division 
Deputy  for  Guidance  Test 
Air  Force  Missile  Development  Center 


The  combined  vibration  and  sustained  acceleration  environment  ol  the 
Holloman  Track  have  pointed  out  system  failures  which  had  not  been 
detected  by  sequential  laboratory  tests.  The  capabilities  of  the  high¬ 
speed  track  and  the  favorable  results  of  the  track  testing  are  discussed 
and  a  number  of  examples  are  given. 


INTRODUCTION 

The  problems  inherent  in  the  application  of 
environmental  data  to  systems  specifications 
and  design  criteria  are  well  recognized  and 
have  been  the  subject  of  much  thought  and  pro¬ 
found  study.  Equally  important,  but  perhaps 
less  well  defined,  are  the  problems  of  determin¬ 
ing  the  success  of  such  an  application  before  the 
system  is  called  upon  to  peiform.  While  it  is 
convenient  to  be  able  to  say  that  statistically 
we  have  an  80-percent  cordldence  that  our  sys¬ 
tem  is  99.9-percent  reliable,  the  facts  are  that 
in  the  aerospace  industry  the  quantity  of  fabri¬ 
cated  systems  is  statistically  very  small.  Our 
confidence  and  reliability  figures  are  based 
upon  a  statistical  manuever  which  attempts 
mathematically  to  relate  the  laboratory  deter¬ 
mination  of  component  reliability  to  reliability 
of  the  entire  system.  That  this  procedure  has 
lead  to  overdesign  of  components  and  has  failed 
to  accurately  predict  systems  reliability  is  a 
matter  of  record.  What  is  needed  then  is  a 
method  whereby  the  system  can  be  tested,  re¬ 
covered,  modified,  and  tested  again  in  an  en¬ 
vironment  representative  of,  but  exceeding,  the 
planned  environmental  modes  of  operation. 

Only  in  this  manner  can  true  system  reliability 
be  determined  with  any  degree  of  confidence. 

Fortunately,  such  a  method  is  available. 

The  high  speed,  7 -mile,  test  track  of  the  Air 
Force  Missile  Development  Center  at  Holloman 
AFB  has  for  some  time  been  engaged  in  the 
development  of  techniques,  facilities,  and  equip¬ 
ment  for  the  purpose  of  testing  systems  and 
components  in  an  environment  representative 
of  that  met  in  aerospace  operations.  The  pur¬ 
pose  of  this  paper  is  to  acquaint  the  reader  with 


this  facility  and  to  illustrate  the  advantages  of 
its  use  in  combination  with  standard  laboratory 
test  techniques. 

THE  TRACK  AND  ITS  EQUIPMENT 

Figure  1  is  an  aerial  view  of  the  south  end 
of  the  track  looking  north  and  shows  a  portion 
of  its  7-mllc  length.  Two  continuously  welded 
steel  rails  7  feet  apart  are  aligned  and  ground 
to  a  tolerance  of  lO.Ol  inch.  The  vehicles  car¬ 
rying  the  test  item  are  capable  of  velocities 
from  a  few  hundred  feet  per  second  to  Idach  4 
and  of  accelerations  to  100  g.  Generally  these 
vehicles  are  of  four  types. 

The  general  purpose  vehicle  (Fig.  2),  is 
propelled  by  a  liquid  engine  developing  120,000 
pounds  of  thrust.  It  has  a  peak  velocity  of  Mach 
1.5  and  can  be  programed  lor  accelerations  or 
decelerations  or  both  of  up  to  8-g  with  a  pay- 
load  of  over  1  ton.  It  is  capable  of  providing  a 
systems  environment  closely  related  to  the 
first  stage  of  missile  or  space  vehicle  flight. 

A  more  specialized  vehicle  (Fig.  3)  is  used  for 
testing  radomes,  nose  cones,  and  so  on,  in  a 
rain  and  vibration  environment  up  to  speeds  of 
Mach  3.  The  rain  drops  are  controllable  in 
size  and  the  quantity  of  water  can  be  programed 
for  up  to  8  inches  per  hour  along  6000  feet  of 
track.  Another  specialized  vehicle  (Fig.  4)  is 
the  monorail  sled  used  for  impact  and  vibration 
tests  of  fuzing  systems.  Used  as  an  impact  ve¬ 
hicle  it  is  capable  of  speeds  to  Mach  4.  The 
most  specialized  vehicle  (Fig.  5)  is  the  one  de¬ 
signed  and  fabricated  by  Holloman  personnel. 
This  particular  vehicle  is  used  to  test  the  Dyna- 
soar  landing  gear  under  operational  conditions 
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Fig.  1  -  Air  view  of  south  breech 


on  various  types  of  surfaces.  In  addition  to 
these,  many  other  types  of  test  vehicles  are 
available,  all  capable  of  producing  environments 
tailored  to  the  needs  of  the  system  or  compo¬ 
nent  under  test. 


TRACK  ENVIRONMENTAL  DATA 

The  end  product  of  such  tests  is,  of  course, 
data.  Such  data  can  then  be  used  to  determine 
not  only  the  success  or  failure  of  the  system 
under  test,  but  also  to  determine  what  failed 
and  most  Important  where,  why,  and  under  what 
conditions  failure  occurred.  This  Information 
may  reasonably,  take  the  form  of  visual  data 
such  as  that  shown  In  Fig.  6.  Examination  of 
the  test  item  (Imthls  case  a  missile  nose  cone 
uiKlergolng  rain  test)  leaves  no  doubt  that  fail¬ 
ure  occurred.  Further  examination  of  the  ac¬ 
celerometers  mounted  on  the  bulkhead  reveals 
complete  failure  due  to  rain  Impingement  after 


failure  of  the  nose  cone.  It  Is  interesting  to 
note  that  had  these  accelerometers,  as  part  of 
a  fuzing  system,  had  a  reliability  of  100-percent 
the  system  would  nontheless  have  failed  since 
resistance  to  rain  Impingement  is  not  normally 
one  of  their  design  specifications.  Information 
in  the  form  of  charts  and  printed  sheets  is  also 
available  from  telemetry  data,  see  Figs.  7  and 
8.  This  data  are  in  turn  related  directly  to  Fig. 
9  which  shows  the  velocity  of  the  test  vehicles 
with  respect  to  time.  Although  Figs.  7  and  8  are 
representative  of  measurements  in  one  direction 
at  one  point  only,  the  final  test  report  presents 
similar  data  from  many  points  and  in  all  impor¬ 
tant  directions  so  that  the  three  directional 
shock,  vibration,  and  time  history  of  the  test 
item  is  known  throughout  the  test. 

UTILITY  OF  TRACK  TESTING 

Significantly,  the  technique  of  using  the  new 
high  speed  track  as  a  method  for  determining 
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Fig.  2  -  Acid  engine 


Fig.  3  -  Rain  erosion  sled 


systems  reliability  began  to  develop  during  the 
track  tests  of  inertial  guidance  systems,  which 
were  also  relatively  new  and,  heretofore,  sub¬ 
ject  primarily  to  environmental  laboratory 


testing  of  components.  As  is  well  known  the 
primary  purpose  of  guidance  system  track  test¬ 
ing  is  to  obtain  an  error  model.  However,  an 
analysis  of  guidance  test  data  revealed  that 
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Fig.  4  -  Impact  aled 


despite  the  most  rigid  design  specifications, 
controiied  fabrication,  and  advanced  laboratory 
environmental  tests  of  components,  systems 
failures  were  frequently  caused  by  an  environ¬ 
ment  not  available  in  the  laboratory  and,  indeed, 
not  even  considered  in  the  design  criteria.  The 
following  examples  selected  from  an  unclassi¬ 
fied  document  MDC-TDR-62-4  dated  March 
1962  are  illustrative: 

e  It  was  discovered  that  under  field  condi¬ 
tions  the  electrical  sensitivity  of  a  computer 
caused  complete  failure  of  the  computer 
memory. 

e  An  analysis  of  the  sled  test  data  indicated 
a  requirement  for  a  launch  site  pre-run  cali¬ 
bration  to  assure  effective  operation  of  the 
system. 

e  The  effect  of  random  vibration  on  ac¬ 
celerometers  was  found  to  be  more  detrimental 
than  anticipated.  Although  this  effect  could  not 
be  duplicated  during  extensive  laboratory  tests, 
it  did  occur  in  subsequent  missile  flights. 


s  A  polarity  error  in  the  readout  of  an  ac¬ 
celerometer  during  track  tests  was  foun^  to 
have  been  caused  by  a  loose  connector  of  the 
type  guaranteed  never  to  come  loose. 

•  The  failure  of  a  small  structural  part  in  a 
power  supply  whose  design  had  previously  been 
thoroughly  laboratory  tested  caused  failure  of 
the  entire  unit. 

As  a  result  of  these  and  many  similar 
failures,  guidance  system  evaluation  programs 
now  include  track  tests  not  only  for  the  deter¬ 
mination  of  error  models,  but  also  for  the 
determination  of  systems  reliability.  Such 
tests  for  reliability  are,  of  course,  equally 
applicable  to  other  systems  as  has  been  fre¬ 
quently  demonstrated  at  Holloman. 

In  conclusion,  it  is  believed  that  sufficient 
evidence  exists  to  show  that  system  reliability 
cannot  be  based  solely  upon  component  relia¬ 
bility  which  has  been  determined  by  means  of 
laboratory  tests,  but  must  also  be  based  upon  a 
track  test  program  which  will  subject  the  sys¬ 
tem  to  a  controlled  environment  closely  approx¬ 
imating  the  operational  requirements. 


DISCUSSION 


J.  Davis  (GE):  You  mentioned  that  your  facility 
can  only  take  up  to  about  8-g  deceleration.  Do 
you  have  any  plans,  or  could  your  facility  be 
adopted  to  take  much  higher  g  levels  by  the  use 
of  retrorockets? 


get  up  to  160-g.  This  was  only  on  that  one 
type  of  vehicle  and  that's  because  it  was  de¬ 
signed  to  enter  the  wsder  brake  at  roughtly  1200 
fps  maximum  velocity.  Depending  on  the  type 
of  vehicle  you  use,  there  is  really  no  limit.  The 
only  limit  is  the  time  during  which  you  get  those 
g's.  The  higher  they  are,  of  course,  the  shorter 
the  time. 


Col.  Bogard:  Yes,  it  can  take  much  higher 
levels  light  now.  As  a  matter  of  fact  we  can 
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Fig.  6  -  Rain  erosion  damage 
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Fig.  7  -  Power  versus  time 


Mr,  Schwabe  (Lockheed):  In  regard  to  the  sled 
construction,  are  you  using  air  bearings  or 
bearings  with  metal-to-metal  contact? 

Col.  Bogard:  The  sled  actually  works  on  slip- 
pery  inserts.  They  are  just  metal  to  metal  and 
we  have  tried  many,  many  exotic  metals.  We’ve 
tried  air  bearings  on  the  rails,  and  everything 
else  and  it  turns  out  that  the  best  thing  you  can 
do  is  to  use  just,  plain  old  steel.  On  these  sleds, 
that  go  roughly  Stoch  1.5  with  about  a  ton  pay- 
load,  we  find  we  can  use  the  slippery  Inserts 
for  three  or  lour  runs,  even  though  we  are  using 
20  to  30,000  feet  of  track.  On  the  Pershing  sled 
that  I  mentioned,  that  went  off  the  end  of  the 
track  at  a  velocity  of  4000  fps,  we  completely 
wiped  out  the  inserts  on  the  first  runs  that  were 
made.  They  were  molybdenum  inserts,  very 
tough.  They  just  dropped  little  puddles  of  metal 
all  over  the  track.  Between  the  second  and 
third  run,  I  believe  it  was,  we  ground  the  rails 
with  a  rail  grinder  and  we  didn't  have  any  more 
trouble  of  that  nature. 

Mr.  Soechting  (Picatinny  Arsenal):  I  would  like 
to  ask  you,  has  the  temperature  no  effect  on  the 
straightness  of  the  track? 


Col.  Bogard:  Yes,  it  has. '  The  rails  are 
stressed;  this  is  one  reason  they  are  welded. 
They  are  stretched  to  such  a  tension  that  the 
ambient  temperature  on  the  rail  must  reach  120 
degrees  before  the  rails  are  in  a  relaxed  condi¬ 
tion.  Anything  less  than  120  degrees  Fahrenheit 
and  the  rails  are  held  in  tension  just  like  a  rub¬ 
ber  band.  This  helps  to  hold  them  straight,  of 
course. 

Mr.  Bond  (STL):  You  indicated  that  the  vibra¬ 
tions  experienced  on  the  sled  were  similar  to 
those  on  a  typical  missile.  Do  you  have  any  way 
of  exercising  control  to  tailor  this  vibration  to 
a  specific  requirement? 

Col,  ^gard:  Only  to  the  extent  that  you  can, 
and  I  hate  to  use  the  word,  put  shock  mounts  on 
the  equipment.  This,  of  course,  generally  leads 
to  a  long  detailed  development  program  in  itself 
in  order  to  find  what  kind  of  shock  mounts  you 
want  to  use,  but  there  is  a  way,  yes.  On  our 
Bosch  Arma  test,  for  instance,  we  are  using  a 
Brillo  pad  isolation  on  the  slippers;  this  has  re¬ 
duced  the  vibration  environment  considerably. 
To  say  that  we  could  tailor  a  vibration  environ¬ 
ment— no,  this  would  be  awfully  difficult  to  do 
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Fig.  8  -  Power  versus  frequency 
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Fig.  9  -  Velocity  versus  time 


depending  on  velocity  obviously,  and  everything 
else.  As  the  rail  has  been  ground  through,  it 
has  more  and  more  come  in  line  with  the  mis¬ 
sile  environment.  Obviously  we  don't  want  an 
exact  missile  environment,  we  want  it  a  little 
worse,  otherwise  we  wouldn't  know  whether  we 
were  getting  failure  or  not. 

H.  Sutphin  (Martin  Orlando):  I  might  say  that 
the  track  environment  was  of  some  concern  to 
us.  We  found  a  very  simple,  very  economical 
method  of  reducing  the  ii^uence  of  the  track 


environment.  In  collaboration  with  Lord  we 
simply  Installed  some  rubber  isolators  between 
the  slippers  and  our  missile.  It  was  very  ef¬ 
fective  and  very  inexpensive. 

Col.  Bogard:  The  only  problem  with  this  type 
of  thing,  of  putting  in  some  kind  of  a  shock 
isolator,  is  that  as  everybody  knows  it  doesn't 
isolate  at  all  frequencies.  In  one  case  we  put 
in  shock  isolation  and  as  it  turned  out  it  did 
nothing  but  amplify  the  frequency  we  were 
afraid  of. 
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FLIGHT  DYNAMIC  EVALUATION  OF 
THE  BULLPUP  B  MISSILE 


L.  W.  Hodge 

Martin  Company,  Orlando,  Florida  Division 
Martin  Marietta  Corporation 


The  purpose  of  this  paper  is  to  summarize  the  available  flight  data  and 
the  analyses  which  were  made  to  establish  the  maximum  BULLPUP  B 
component  shock,  vibration,  and  steady  acceleration  requirements  for 
specification  comparisons  and  design  purposes. 


INTRODUCTION 

The  Navy's  BULLPUP  B  is  an  air-to- 
surface  command -guided  missile  which  may  be 
launched  from  carrier  and  land-based  attack 
and  lighter  aircraft.  The  missile  body  com¬ 
prises  three  sections.  The  nose  section 
houses  the  guidance  and  control  system.  The 
center  section  carries  the  warhead,  and  the  aft 
section  is  the  propulsion  unit.  BULLPUP  B  is 
an  outgrowth  of  the  smaller  BULLPUP  A  mis¬ 
sile  now  operational  with  the  Navy  as  the  ASM- 
N-7a  and  with  the  Air  Force  as  the  GAM -83 A. 
Both  missiles  use  the  same  nose  section.  The 
earlier  experimental  "XB"  version  was  flown 
with  a  solid  propellant  engine.  The  develop¬ 
mental  'TB"  version  uses  a  prepackaged  liquid 
propellent  unit,  as  originally  proposed.  The 
BULLPUP  B  is  now  in  the  evaluation  phase  of 
its  development  and  is  expected  to  be  opera¬ 
tional  in  1963. 

The  simplicity  of  the  BULLPUP  system  is 
apparent  in  that  only  four  component  areas  are 
considered  critical  to  missile  operation  from  a 
dynamic  standpoint.  They  are  the  guidance 
command  receiver,  the  roll  reference  gyro,  the 
controls  package,  and  the  warhead  fuze. 

At  the  outset  of  the  flight  test  program,  it 
was  decided  to  obtain  a  large  sample  of  data 
from  two  component  areas  (the  guidance  com¬ 
mand  receiver  and  the  roll  reference  gyro,  as 
shown  in  Fig.  1)  rather  than  a  necessarily  min¬ 
imal  amount  of  information  from  all  four  posi¬ 
tions.  Therefore,  this  paper  describes  the 
flight  environments  of  the  receiver  and  gyro 
areas  only. 


The  BULLPUP  B  nose  and  center  sections 
may  be  used  in  conjunction  with  either  solid 
propellant  or  prepackaged  liquid  propellant  pro¬ 
pulsion  units;  therefore,  major  emphasis  was 
placed  upon  definition  of  the  maximum  environ¬ 
mental  requirements  for  either  configuration  as 
the  fundamental  environmental  description. 


FLIGHT  ENVIRONMENT 

The  flight  environment  consists  of  four 
distinct  phases;  captive  flight  on  the  launching 
aircraft,  ejection  launch,  boost  or  powered 
flight,  and  glide  or  power-off  flight. 


Captive  Flight 

The  captive  flight  phase  of  missile  usage 
encompasses  the  period  of  time  from  missile 
installation  on  the  aircraft  until  launch  (ejec¬ 
tion)  or  removal.  Because  of  telemetry  battery 
life  limitations,  the  captive  flight  analysis  was 
confined  to  a  portion  of  the  unit  operating  time 
prior  to  launch  (approximately  3  seconds). 

No  appreciable  shocks  were  noted  in  the 
captive  period  analyzed.  Outside  this  time 
span,  however,  component  shocks  are  antici¬ 
pated  during  catapult  takeoffs  and  arrested 
landings.  Data  available  from  previous  BULL- 
FUP  A  tests  indicate  that  these  shock  levels 
should  be  appreciably  below  specification  test 
amplitudes. 

Representative  captive  flight  vlbraticm  data 
in  the  form  of  power  spectral  density  graphs 
are  presented  in  Figs.  2  and  3. 
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since  the  scope  of  the  planned  captive  flight 
test  did  not  encompass  a  representative  sample 
of  aircraft  maneuvers,  It  was  not  possible  to 
analyze  completely  the  accelerations  In  this 
period.  The  catapult  takeoff  and  arrested  land¬ 
ing  design  acceleration  levels  are  shown  In 
Table  1. 


Ejection  Launch 

The  BULLPUP  B  Is  ejection-launched 
from  either  an  Aero  20A  or  Aero  7A  bomb 
rack.  The  separation  Impulse  (normal  to  air¬ 
craft  and  missile  roll  axes)  Is  provided  by  an 
ejector  foot  which  Is  propelled  by  a  pyrotechnic 
cartridge  charge. 

With  various  ejector-foot-to-mlsslle 
clearances,  ejection  causes  component  shocks 
of  differing  magnitudes.  Tables  2  and  3  Illus¬ 
trate  ground  and  flight  test  results  from  pro¬ 
grams  conducted  to  determine  these  shock 
characteristics. 

The  missile  normal  axis  acceleration  dur¬ 
ing  ejection  Is  approximately  20  percent  of  the 
speclflcatlcm  level. 


Powered  Flight 

For  the  purposes  of  analysis,  the  powered 
flight  stage  for  both  the  solid  and  liquid  propel¬ 
lant  units  was  subdivided  as  follows; 

•  Ignition  Phase  (shock)  -  The  first  0.250- 
second  period  after  the  Ignition  signal. 

•  Running  Riase  (vibration)  -  That  portion 
of  operation  remaining  after  the  Ignition  phase. 

Shock  analysis  results  for  the  "XB"  (solid 
propellant  unit)  and  "YB"  (prepackaged  liquid 
propellant  unit)  configurations  are  presented  In 
Tables  4  and  5.  It  is  apparent  from  this  data 
that  the  component-  shock  requirements  are 
greater  for  the  prepackaged  liquid  propellant 
unit  system  than  for  the  solid  propellant  con¬ 
figuration.  In  addition.  It  Is  evident  (Fig.  4) 
that  the  liquid  pr(q>ellant  unit  Ignition  shock 
magnitudes  are  dependent  upon  launchiitg  air¬ 
craft  attitude.  Previous  ground  test  results 
had  shown  that  a  maximum  impact  condition 
does  occur  with  the  liquid  propellant  unit  at 
approximately  the  same  unit  attitude  recorded 
in  flight. 

Typical  vibration  Intensities  for  both  con¬ 
figurations  are  represented  by  power  spectral 
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Fig.  4  -  Aircraft  attitude  versus  component  shock 


density  graphs  (Figs.  5  through  8).  The  "XB" 
results  Indicate  a  relatively  low  level  "white 
noise"  vibration  with  no  definite  areas  of  maxi¬ 
mum  response.  The  "YB"  analyses  show  gen¬ 
erally  a  relatively  low  level  "white  noise" 
vibration  with  maximum  responses  occurring 
In  the  frequency  band  200-250  cps,  depending 
upon  the  flight  examined.  This  maximum  re¬ 
sponse  occurs  consistently  (within  the  defined 
band)  at  both  accelerometer  locations  during 
all  "YB"  flights  and,  therefore,  has  been  desig¬ 
nated  as  the  primary  longitudinal  response 

mode  of  the  "YB"  missile. 

• 

Also,  analysis  of  the  one  ’TB"  flight  (YB-2) 
with  normal  axis  Instnimentatlon  at  the  re¬ 
ceiver,  shows  peaked  response  at  221  cps  and 
the  highest  RMS  vibration  level  (Table  6),  Indi¬ 
cating  that  considerable  system  crosstalk  (l.e., 
excitation  In  a  plane  normal  to  the  primary 
vibration  axis)  is  present.  Amplitude  distribu¬ 
tion  analyses  performed  on  both  systems  (Figs. 
9  through  12)  show  that  the  "XB"  amplitude 
distribution  is  very  nearly  Gaussian  while  the 
"YB"  distributions  are  considerably  different 
from  the  normal  case.  The  'YB"  results  illus¬ 
trate  that  application  of  the  commonly  used 
Gaussian  distribution  for  component  testing 
purposes  will  be  conservative.  That  is,  the 


probability  of  Gaussian  test  amplitude  occur¬ 
rences  above  the  RMS  level  is  approximately 
10  percent  greater  than  the  corresponding 
average  flight  values. 

The  longitudinal  axis  results  (Table  7)  show 
that  the  maximum  recorded  ’XB"  and  ’YB" 
peak  accelerations  are  92.5  and  84.0  percent  of 
the  specification  level,  respectively. 


Power-Off  Flight 

Power-off  flight,  the  last  phase  of  missile 
operation,  covers  the  period  from  propulsion 
unit  burnout  until  Impact. 

Oscillograph  records  of  controlled  flights 
show  intermittent  shocks  indicative  of  control 
surface  operation  during  guidance  commands. 
The  gyro  experiences  the  highest  longitudinal 
responses  of  60  and  75  g  on  particular  Isolated 
occasions.  Generally,  however,  the  responses 
are  below  40  g,  if  at  all  measurable,  and  always 
less  than  0.001 -second  duration. 

Typical  vibration  intensities  during  power- 
off  flight  are  represented  by  power  spectral 
density  graidis  (Figs.  13  and  14). 
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Fig.  6  -  Power  epectral  deneity,  receiver  longitudinal,  "YB-3 
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Fig.  7  -  Power  spectral  density,  receiver  normal,  ''YB-2" 
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Fig.  8  -  Power  spectral  density,  gyro  longitudinal,  "YB-4" 


207 


n,/N 


Fig.  9  -  Amplitude  distribution,  receiver  longitudinal,  "XB-1" 


Fig.  10  -  Amplitude  distribution,  receiver  longitudinal,  "YB-4" 
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Fig.  14  -  Power  spectral  density,  gyro  longitudinal,  "XB-1" 
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The  missile,  In  responding  to  commands, 
experiences  a  rapid  change  in  angle-of -attack. 
Accordingly,  the  maximum  accelerations  dur¬ 
ing  power-off  flight  are  attributed  to  missile 
command  respmses.  Because  the  missile  is 
continually  rolling  during  flight,  effective  nor¬ 
mal  and  transverse  axis  component  accelera- 
tirnis  are  vector  additions  of  pitch  and  yaw 
accelerations.  The  maximum  recorded  total 
acceleration  during  power-off -flight  of  both 
configurations  is  22  percent  of  the  specification 
steady  acceleration  requirement. 

SUMMARY  OF  RESULTS 
AND  CONCLUSIONS 

The  data  and  the  analysis  results  establish 
the  powered  flight  phase  of  missile  operation 
as  the  fundamental  (maximum)  BULLPUP  B 
dynamic  environment  with  but  two  exceptions— 
the  maximum  normal  and  transverse  accelera¬ 
tion  conditions  occur  during  captive  flight  and 
power-off  flight,  respectively. 

BULLPUP  B  components  are  qualified 
dynamically  to  the  following  requirements; 

Shock 

Longitudinal  axis  (both 

directions) . 100  g  (0.005  sec) 

Normal  to  longitudinal 
axis . IS  g  (0.011  sec) 

Vibration  (All  three  principal  axes) 

10-1200  cps  at  1 5  g 
1200-3000  cps  at  1 9  g 

Acceleration 

Classified 

The  following  conclusions  are  drawn  from 
a  consideration  of  the  data  and  the  analyses. 


Shock 

Longitudinal  shocks  at  the  gyro  and  re¬ 
ceiver  above  the  qualification  amplitude  were 
recorded  at  liquid-propellant  engine  Ignition  on 
several  occasions  during  the  "YB"  flight  tests 
CTable  5).  Receiver  normal-axis  responses  in 
excess  of  the  qualification  amplitude  were  re¬ 
corded  durii^  both  flight  test  (for  the  one  mis¬ 
sile  Instrumented  in  the  normal  axis)  and  the 
ground  ejection  test  (Tables  2  and  5).  With  the 
exception  of  some  ground  test  shocks,  the  pulse 
durations  in  all  cases  were  less  than  the  quali¬ 
fication  values. 


The  longitudinal  shock  qualification  ampli-  I 
tudes  for  the  gyro  and  receiver  will  apparently  I 
be  exceeded  by  shorter-duration  acceleration  | 
pulses  during  "YB"  flights  made  at  aircraft  I 

attitudes  in  the  range  shown  in  Fig.  4.  f 

f 

These  results  indicate  that  BULLPUP  B  | 

guidance  components  will  experience  shocks  of  « 
greater  amplitude,  but  shorter  duration,  than 
those  required  by  present  specifications. 


Vibration 

Presently,  there  is  no  proven  method  of 
directly  comparing  random  and  sinusoidal 
vibration  criteria.  In  this  particular  case, 
though,  several  useful  comparisons  may  be 
made.  The  present  qualification  spectrum  is 
flat  in  the  frequency  bands  10-1200  and  1200- 
3000  cps  in  all  three  principal  test  axes.  Typi¬ 
cal  longitudinal  'YB"  results  (Figs.  7  and  8) 
show  generally  a  low  level  flat  response  in  the 
bands  10-200  and  250-2100  cps  (2100  cps  is  the 
maximum  telemeter  playback  response)  with 
relatively  high  responses  in  the  band  200-250 
cps.  Based  on  these  spectrum  analyses  and  on 
approximate  oscillograph -measured  component 
magnitudes  in  the  band  200-250  cps,  the  longi¬ 
tudinal  test  spectrum  is  considered  adequate  in 
the  frequency  bands  10-200  and  250-2100  cps 
and  inadequate  in  the  band  200-250  cps.  This 
conclusion  is  also  applicable  to  the  normal  and 
transverse  axes. 

BULLPUP  B  components  are  qualified  to 
sinusoidal  vibration  requirements.  It  is  evi¬ 
dent,  however,  that  available  fli^t  acceleraticm 
time  histories  display  "randomness"  in  both 
frequency  and  amplitude,  and  can  only  be  ana¬ 
lyzed  adequately  ^  applying  random  analysis 
techniques  (power  spectral  density  and  ampli¬ 
tude  distributions).  Random  vibration  test 
techniques,  therefore,  are  considered  a  more 
accurate  environmental  duplication  for  BULL¬ 
PUP  B  component  qualification  purposes  than 
sinusoidal  techniques  and  should  be  applied  in 
future  component  qualification. 

The  flight  analyses  also  illustrate  that 
applicati.Dn  of  the  maximum  flight  vibration 
environment  is  entirely  within  the  scope  of 
present  random  testing  facilities. 


Acceleration 

The  qualification  level  for  acceleration  is 
adequate  in  all  three  major  test  axes.  The  re¬ 
corded  levels  in  the  longitudinal  axis  are  within 
7.5  percent  of  the  specification  values  while  the 
maximum  normal  transverse  axis  accelera¬ 
tions  are  less  than  half  the  qualification  level. 
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TABLE  1 

Maximum  Anticipated  Catapult  and  Arrested  Landing 
Accelerations  (Wing  Station  Store) 


Acceleration 

Cause 

Longitudinal 
(roll  axis) 

(%  of  Specification 
Level) 

Normal 
^aw  axis) 

(%  of  Specification 
Level) 

Transverse 
(pitch  axis) 

(%  of  Specification 
Level) 

Arrested  Landing 

30 

27 

5 

Catapult 

30 

10 

5 

t 

I 

I 

i 


TABLE  2 

"YB"  Ground  Ejection  Launch  Shocks 


Accelerometer 
Location  and 
Orientation 

Aero  20  A  Ejector  Foot  Clearance 

0 

3/16 

(inch) 

1/2 

(inch) 

1 

(inch) 

Max. 

Accel. 

(g) 

Duration 

(sec) 

Max. 

Accel. 

(g) 

Duration 

(sec) 

Max. 

Accel. 

(g) 

Duration 

(sec) 

Max. 

Accel. 

(s) 

Duration 

(sec) 

Receiver  Casting 
(Longitudinal) 

19.0 

0.0011 

19.0 

0.0012 

22.0 

0.0013 

19.0 

0.0011 

Receiver  Casting 
(Vertical) 

19.0 

0.010 

15.0 

0.010 

20.0 

14.0 

0.0020 

0.010 

28.0 

23.0 

0.0020 

0.010 

Gyro 

(Longitudinal) 

19.0 

0.0017 

11.0 

0.0025 

21.0 

_ 1 

0.0014 

21.0 

0.0015 

TABLE  3 

"YB"  Flight  Test  Ejection  Shocks 


Missile  Number 

Accelerometer  Location 

Receiver 

Gyro 

Max.  Accel. 

(e) 

Duration 

(sec) 

Max.  Accel. 

(g) 

Duration 

(sec) 

1 

16.0 

0.002 

19.0 

0.0015 

2 

15.0 

0.004 

10.0 

0.0012 

3 

Low 

“ 

Low 

“ 

4 

20.0 

0.0015 

10.0 

0.0015 

5 

Low 

— 

Low 

" 
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TABLE  6 

Summarized  Power  Spectral  Density 
RMS  Levels  ("YB";  "XB") 


Missile 

RMS  Level 

RMS  Level 

RMS  Level 

Accelerometer 

and  Location 

(Captive  Flight) 

(Motor  Burning) 

(Power-Off  Flight) 

Orientation 

"XB"  -  1 

Receiver 

1.18 

1.44 

Longitudinal 

Gyro 

1.205 

N.  A. 

1.27 

Longitudinal 

"XB" -  4 

Receiver 

0.340 

0.400 

0.358 

Longitudinal 

Gyro 

0.461 

N.  A. 

0.628 

Longitudinal 

"YB" -  1 

Receiver 

1.676 

6.725 

Longitudinal 

Gyro 

1.775 

5.220 

Longitudinal 

’YB"  -  2 

Receiver 

1.292 

8.20 

1.241 

Normal 

Gyro 

1.565 

N.  A. 

1.612 

Longitudinal 

"YB"  -  3 

Receiver 

2.27 

7.40 

2.765 

Longitudinal 

Gyro 

1.565 

— 

-- 

Longitudinal 

’YB"  -  4 

Receiver 

1.697 

5.870 

2.13 

Longitudinal 

Gyro 

1.675 

4.122 

2.23 

Longitudinal 

•YB"  -  5 

Receiver 

2.324 

3.740 

2.320 

Longitudinal 

Gyro 

2.090 

3.49 

2.425 

Longitudinal 

TABLE  7 

Summary  of  Peak  Motor  Boost  Acceleration  (Longitudinal) 


"XB" 

Missile  Number 

Acceleration 
(%  of  Specification 
Level) 

"YB" 

Missile  Number 

Acceleration 
(%  of  Specification 
Level) 

"XB" -  1 

71.8 

’YB"  -  1 

63.5 

"XB"  -  2 

72.8 

"YB" -  2 

66.5 

"XB" -  3 

“ 

"YB" -  3 

63.5 

"XB" -  4 

79.5 

■YB"  -  4 

84.2 

"XB" -  5 

— 

’YB"  -  5 

63.5 

"XB"  -  6 

75.2 

•YB"  -  6 

63.1 

"XB" -  7 

69.5 

’YB"  -  7 

67.5 

"XB" -  8 

79.2 

’YB"  -  8 

64.5 

"XB" -  9 

84.2 

"XB"  -  10 

66.8 

"XB"  -  11 

92.5 
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DISCUSSION 


Mr.  Davis  (GE):  You  said  that  you  meas* 
ured  a  shock  at  a  component  location  due  to  a 
shock  or  transient  input  to  the  system.  Now 
isn't  it  really  true  that  what  you  measured  was 
decaying  vibration  rather  than  a  shock.  .  .the 
frequency  of  that  vibration  probably  being  re¬ 
lated  to  the  item  you  are  talking  about.  The 
thing  I  am  concerned  about  is  that  if  the  com¬ 
ponent  resonant  frequency  is  near  that  vibra¬ 
tion  frequency  then  a  shock  test  may  really  be 
very  unconservative  because  with  a  decaying 
vibration  you  might  be  getting  amplifications  of 
four  or  five  or  six,  where  with  a  shock  test,  you 
might  only  be  getting  two. 

Mr.  Hodge:  You  mean  with  a  conventional 
half  sine  method  as  opposed  to  duplicating  the 
whole  wave  form; 

Mr.  Davis:.  Yes. 

Mr.  Hodge:  You  are  right. 

Mr.  Davis:  The  question  is  really,  is  a 
shock  test  a  valid  test  for  a  component  for 
qualification  when  it  results  from  a  system 
condition? 

Mr.  Ho^e:  Well,  that  is  what  the  compo¬ 
nent  siwanias  close  as  we  can  come  to  it 
right  now,  is  a  half  sine  test. 


Mr.  Davis:  Well,  one  of  the  things  we  are 
thinking  about  in  certain  shock  applications  is 
the  necessity  for  actually  doing  a  high-g-level 
vibration  tert  on  a  compment  to  simulate  the 
transient  vibrations ...  if  we  feel  this  would  be 
important. 

Mr.  Schwabe  (LocMieed):  Am  I  correct  in 
assuming  that  your  psd  plots,  were  corrected 
for  noise,  frequency  distortion,  and  so  (m? 

Mr.  Hodge:  Yes,  they  are  corrected. 

Mr.  Schwabe:  Did  you  make  any  attempt  to 
statistically  combine  any  of  the  psd  plots  from 
the  same  combinations  to  come  up  with  a  sta¬ 
tistical  mean  and  extreme  ? 

Mr.  Hodge:  You  mean  between  flights  ? 

Mr.  Schwabe:  Yes.  You  have  several 
missiles  and,  assuming  you  have  the  psd  plots 
at  any  one  station,  you  have  perhaps  about  six 
or  eight  samples  depending  on  how  many  mis¬ 
siles  you  flew. 

Mr.  Hodre:  We  felt  that  the  sample  was 
too  small,  we  are  going  to  supplement  this 
with  some  flights  later  cm  and  then  we  would 
like  to  attempt  to  do  it. 


*  *  « 


EFFECTS  OF  WEIGHT  ON  THE  FREQUENCY  AND 
AMPLITUDE  OF  VIBRATION  TEST  ITEMS* 


C.  E.  Thomas  and  P.  C.  Bolds 
Environmental  Division 
Deputy  for  Test  and  Support 
Aeronautical  Systems  Division,  AFSC 


Presented  in  this  paper  are  the  results  of  a  survey  which  was  made  to 
investigate  the  effects  of  weights,  in  an  in-flight  vibration  environment, 
on  the  dynamic  characteristics  of  equipment. 


INTRODUCTION 

It  has  often  been  said  that  the  dynamic 
characteristics  of  items  measured  in  flight  will 
change  appreciably  as  the  weight  of  the  items  is 
Increased,  but  little  experimental  data  have  been 
presented  in  support  of  this  contention.  In  the 
course  of  a  comprehensive  data  acquisition 
program,  the  Aeronautical  Systems  Division, 
USAF,  conducted  a  survey  (mass-weight  survey) 
to  investigate  the  effects  of  weight  on  the  dy¬ 
namic  response  of  items  in  an  in-flight  vibra¬ 
tion  environment . . .  notably  on  the  upper  fre¬ 
quency  cutoff  (the  frequency  above  which  no  data 
exceed  ±0.2  g)  and  the  low-frequency  ampli¬ 
tude  variation.  Hitherto  consideration  of  these 
dynamic  characteristics  has  been  restricted  to 
the  specifications  for  transportation  of  special 
equipment  items;  however,  with  the  advent  of  a 
new  environmental  standard,  study  of  these 
characteristics  has  been  extended  to  include 
operating  equipment. 

The  results  of  this  survey  were  submitted 
as  raw  data  to  the  requesting  agency  for  the 
preparation  of  a  frequency-versus-welght  chart 
to  be  incorporated  into  the  Ground  Support 
Equipment  Specification.  This  paper  has  been 
prepared  to  give  a  wider  distribution  to  the  re¬ 
sults  of  the  mass-weight  study.  The  chart  is 
applicable  only  to  the  transportation  procedures 
of  the  specification. 

TEST  PROCEDURE 

For  the  mass-weight  survey,  an  RB-50  air¬ 
craft  was  Instrumented  with  33  vibration  pickups. 


*This  paper  was  not  presented  at  the  Symposium. 


installed  at  11  points  of  Interest,  to  sense  the 
vibration  along  the  3  major  axes.  Eighteen  of 
the  vibration  pickups  were  mounted  directly  on 
the  test  items;  the  other  fifteen  were  positioned 
on  the  structures  adjacent  to  the  test  items. 

The  locations  of  the  vibration  pickups  in  the 
aircraft  are  shown  in  Fig.  1  and  described  in 
Table  1.  Mass-weight  of  40,  150,  and  400 pounds 
were  alternated  at  the  same  location  in  the  nose 
section  of  the  aircraft  to  avoid  data  differences 
due  to  positioning.  Figure  2  shows  one  of  the 
mass -weight  assemblies  positioned  in  the 
aircraft. 

A  total  of  14  test  flights  were  conducted 
and  measurements  were  taken  during  all  normal 
flight  conditions  such  as  taxi,  ground  runup, 
takeoff,  straight  and  level  flight  (at  various  alti¬ 
tudes,  airspeeds,  and  power  settings),  descent, 
and  Iwding.  Approximately  14,000  d^ta  points 
were  obtained  from  the  pickups  at  the  11  loca¬ 
tions  during  the  14  test  flights.  The  reels  of 
recorded  data  were  '  llted  in  the  laboratory, 
and  each  sample  ,>pioximately  5  seconds  in 
length)  was  spliced  into  an  endless  loop.  These 
loops  were  then  placed  on  a  Davies  Model  502 
tape  playback  system  and  a  narrow  bandwidth 
(10  cps)  analysis  from  5  to  500  cps  was  con¬ 
duct^  simultaneously  on  six  channels  by  using 
a  Davies  Model  510  heterodyne  analyzer.  The 
analyzed  data  were  recorded  on  six  modified 
brown  strip  chart  recorders  in  the  form  of  a 
continuous  spectrum  of  frequency  (cps)  versus 
transducer  voltage  (rms).  The  data  points  of 
interest  were  then  extracted  from  the  strip 
chart  recordings,  tabulated,  and  punched  Into 
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Fig.  1.  Vibration  pickup  locations 
on  RB>50  aircraft 


Fig.  2.  Mass  weights  used  for  test 
(B-50  vibration  survey) 


Both  the  vibratory  double  amplitude  (expressed 
in  inches)  and  the  acceleration  (expressed  in 
"g"  units)  appear  in  the  completed  data  card. 
The  data  were  then  sorted  into  the  desired 
order  and  graphed  by  an  automatic  plotter  hav¬ 
ing  IBM  card  input  capabilities. 


TABLE  1 
Vibration  Pickups 


Pickup 

No. 

Location 

1 

On  left  side  of  mass -weight  assembly 

2 

On  right  side  of  mass -weight  assem- 

bly 

3 

On  structure  forward  of  mass-weight 

assembly 

4 

On  structure  aft  of  mass-weight  as- 

sembly 

5 

On  40-pound  camera  in  tail  compart- 

ment  (shockmounted) 

6 

On  100-pound  camera  in  tall  com- 

partment  (shockmounted) 

7 

On  structure  in.  tail  compartment 

8 

On  500-pound  bomb  on  forward  bomb 

rack 

9 

On  structure  of  forward  bomb  rack 

10 

On  1000 -pound  bomb  on  aft  bomb  rack 

11 

On  structure  of  aft  bomb  rack 

IBM  cards.  Corresponding  decks  of  "master 
cards,"  which  contain  detailed  descriptive  in¬ 
formation  concerning  pickup  locations,  flight 
conditions,  and  source  and  order  of  the  vibra¬ 
tion,  were  also  prepared.  The  extracted  data 
and  the  appropriate  descriptive  information  were 
processed  by  means  of  an  ERA  1103  computer. 


TEST  RESULTS 

This  report  discusses  only  the  test  enve¬ 
lopes  derived  from  the  experimental  data,  since 
the  envelopes  suffice  for  the  purpose  of  this 
survey  and  simplify  the  data  presentation.  The 
frequency  and  amplitude  responses  of  each  test 
item  and  its  adjacent  structure  to  the  vibration 
environment  are  plotted  together  for  compari¬ 
son.  The  pairs  of  plots  are  presented  in  Figs.  3 
through  9  in  the  order  of  increasing  test  item 
weight  to  indicate  the  trend  of  the  weight  effects. 
Each  log-log  curve,  of  frequency  in  cycles  per 
second  and  double  amplitude  in  inches,  depicts 
the  cutoff  frequency  of  the  measured  item  or 
structure. 

Figures  3  through  9  reveal  the  decrease  in 
magnitude  of  the  upper  frequency  cutoffs  as  the 
weights  of  the  test  items  increase.  Table  2 
lists  the  cutoff  frequency  of  each  test  item.  A 
plot  of  these  frequency  cutoff  magnitudes  versus 
the  weights  indicates  a  smooth  curve.  This 
curve  along  with  one  based  on  theoretical  data 
is  presented  in  Fig.  10.  Although  the  sampling 
might  not  be  sufficient,  it  appears  that  the 
weight  of  any  test  item  would  have  an  upper 
frequency  cutoff  corresponding  to  the  ordinate 
value  of  the  curve  based  on  the  measured  data. 
Further,  given  the  same  test  item  weight  re¬ 
gardless  of  the  nature  of  the  item,  the  manner 
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Figure  5  Figure 


Figure  9 


TABLE  2 

Upper  Frequency  Cutoff 


Test  Item 

Cutoff 

Frequency 

(cps) 

40-pound  camera  in  tall  compart¬ 
ment 

400 

40-pound  massrweight  assembly  in 
nose  section 

400 

100-pound  camera  in  tall  compart¬ 
ment 

250 

150-pound  mass-weight  assembly 
in  nose  section 

200 

400-poimd  mass-weight  assembly 
in  nose  section 

70 

500-pound  bomb  in  forward  bomb 
rack 

50 

1000-pound  bomb  in  aft  bomb  rack 

35 

of  mounting,  or  the  position  within  the  aircraft, 
the  same  upper  frequency  cutoff  would  result. 
For  example,  the  40-pound  camera  and  the 
40-pound  mass-weight  each  had  a  400-cpB 


frequency  cutoff,  yet  they  were  shock-mounted 
and  rigidly-mounted  and  positioned  in  the  tail 
compartment  and  in  the  nose  section,  respec¬ 
tively.  Hence,  the  change  in  frequency  cutoff 
appears  to  be  a  function  of  weight  only.  In  each 
case,  the  frequency  cutoff  of  the  adjacent  struc¬ 
ture  exceeded  that  of  the  test  item. 

As  the  weight  of  the  test  item  increases, 
there  is  an  apparent  trend,  beginning  with  the 
plot  of  the  150 -pound  mass -weight  (Fig.  6),  for 
the  item' Samplitude  in  the  low  frequency  regions 
to  become  increasingly  larger  than  the  amplitude 
of  the  adjacent  structure.  The  percentage  de¬ 
viation  of  the  amplitude  of  each  of  the  three 
mass -weight  assemblies  from  the  amplitude  of 
the  adjacent  structure  was  plotted  against  fre¬ 
quency  in  Fig.  11. 


CONCLUSIONS  AND  RECOM¬ 
MENDATIONS 

Apparently,  the  upper  frequency  cutoff 
values,  which  produce  a  smooth  curve  when 
plotted  against  weight,  are  a  function  of  weight 
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Figure  10 


Figure  11 
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only.  This  relationship  is  not  affected  by  differ¬ 
ences  in  the  nature  of  the  test  item,  the  manner 
of  mounting  the  test  item  (shock-mounted  or 
rigidly-mounted),  or  the  position  of  the  test 
item  within  the  aircraft. 


The  amplitude  of  the  test  item  seems  to  be¬ 
come  progressively  larger  than  the  amplitude 
of  the  adjacent  structure  in  the  low-frequency 
region  as  the  weights  of  the  test  items  reach 
and  exceed  the  ISO-pound  weight  level.  This 
phenomenon  is  attributed  to  the  fact  that  the  in¬ 
creased  weight  "tunes"  the  system  down  into  the 
excitation  region,  that  is,  the  low-frequency 
region  of  the  driving  function. 

Although  the  data  presented  in  this  paper 
apply  only  to  specific  objects  in  the  RB-50  air¬ 
craft,  it  is  believed  that  they  can  be  utilized 
more  extensively  to  determine  the  effect  of 


weight  on  the  cutoff  frequency  and  the  low- 
frequency  amplitude  of  other  items  in  this  and 
other  types  of  vehicles. 

General  conclusions  have  been  draum  and 
the  curves  derived  from  data  along  each  major 
axis  and  imder  all  flight  conditions  expected  in 
service.  Special  cases  were  analyzed  to  test 
the  trends  discussed. 

The  application  of  the  data  in  Figs.  10  and 
11  to  laboratory  techniques  would  permit  the 
conducting  of  effective  and  economical  tests.  It 
is  believed  that  study  of  these  dynamic  charac¬ 
teristics  can  be  extended  to  operating  equip¬ 
ment  as  well  as  to  transportation  items. 

These  data  can  also  be  related  to  other 
problem  areas  in  the  field  of  dynamics,  that  is, 
to  vibration  propagation,  vibration  generation, 
equipment  reliabilltv,  and  structural  loading. 


«  *  * 
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SHOCK  TEST  METHODS  VERSUS  SHOCK  TEST  SPECIFICATIONS* 


R.  O.  Brooks 
Sandia  Corporation 
Albuquerque,  New  Mexico 


Current  shock  test  shortcomings  are  discussed  and  some  techniques 
are  presented  to  aid  the  designer  and  test  engineer  in  evaluating  com¬ 
ponent  shock  test  data. 


INTRODUCTION 

Mechanical  shock  testing  as  now  performed 
on  various  small  components  In  industry  is 
continually  plagued  with  five  major  problems. 
These  problems  are  inadequate  test  specifica¬ 
tions,  poor  instrumentation  techniques,  Inferior 
fixture  design,  generated  pulse  shape  deviations, 
and  improper  evaluation  of  test  data.  It  is 
because  of  these  five  problems  that  there  is  a 
double  standard  in  conducting  shock  tests  as 
regards  the  conformance  of  the  test  to  the 
specifications.  An  honest  effort  usually  is  made 
to  generate  the  input  shock  conditions  within 
tolerances  specified  in  the  Test  Requirement 
(TR).  However,  too  often  secondary  items  of 
concern  in  shock  testing  are  totally  ignored, 
either  by  accident  (because  of  the  lack  of  under¬ 
standing  of  shock  motion)  or  by  intent  (because 
of  the  lack  of  knowledge  to  solve  the  problem). 
These  secondary  items,  if  not  considered,  can 
have  a  profound  effect  upon  the  correct  inter¬ 
pretation  of  the  shock  test  results.  The  purpose 
of  this  paper  is  to  point  out  some  of  the  non¬ 
conformances  and  to  discuss  techniques  which 
can  be  used  by  test  and  design  engineers  to 
improve  the  situation. 


DISCUSSION  OF  TYPICAL  SPECIFICA¬ 
TION  SHORTCOMINGS 

Consider  now  what  might  be  a  typical  TR 
for  a  shock  test.  "Subject  the  test  specimen  to 
three  half- sine  shocks  of  100-g  maximum  accel¬ 
eration,  24-ms  duration  (measured  at  the  10-g 
acceleration  level)  in  each  direction  of  the  three 
mutually  perpendicular  axes  for  a  total  of  18 
shocks.  The  standard  tolerances  shall  apply." 


The  information  indicated  is  the  extent  of 
the  specification.  Items  such  as  the  following 
are  often  Ignored  in  the  TR,  when  in  reality 
they  affect  proper  evaluation  of  the  test  data. 
These  items  are  specimen  mounting  require¬ 
ments,  accelerometer  location  for  input  shock 
pulse  control,  frequency  response  of  the  pulse 
monitoring  equipment.  Incomplete  functional 
and  structural  response  data,  "pre-shock"  or 
"post-shock"  acceleration  effects,  and  gen¬ 
erated  pulse  deviations.  When  items  such  as 
these  are  not  considered,  the  real  cause  for  a 
specimen  failure  in  some  cases  might  escape 
detection,  and  the  input  shock  conditions  would 
get  the  blame.  These  six  items  will  now  be 
discussed  in  more  detail. 


Specimen  Mounting  Requirements 

If  not  otherwise  stated,  the  test  item  should 
always  be  mounted  to  the  shock  test  fixture  in 
the  same  manner  in  which  is  would  be  mounted 
to  the  next  assembly  in  its  normal  application. 

If  the  normal  mounting  cannot  be  accomplished, 
then  a  suitable  substitute  method  must  be  deter¬ 
mined.  Substitute  mounting  techniques  are  prob¬ 
ably  used  in  the  early  developmental  test  of  a 
new  component.  The  substitution  might  consist 
merely  of  strapping  the  unit  to  the  carriage 
Instead  of  fastening  it  to  a  fixture  by  using  bolts. 
The  reason  the  mounting  technique  is  Important 
is  that  changes  in  the  technique  from  one  shock 
test  to  another  can  cause  different  responses  of 
the  component  to  the  input  shock.  Refer  now  to 
Fig.  1.  Considering  only  the  small  component, 
if  the  requested  shock  rise  time  is  greater  than 
five  times  the  natural  period  of  the  thin  shell 
subassembly  (the  fixture  being  very  stiff),  then 


fThis  paper  was  not  presented  at  the  Sympsium. 
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Fig.  1  -  Two  different  mounting  configurations  and  three  accelerometer  locations 


either  mounting  configuration  is  adequate  for 
good  shock  transmissibllity.  If  the  shock  pulse 
rise  time  is  less  than  five  times  the  natural 
period  of  the  thin  shell  subassembly,  then  the 
input  pulse  to  the  small  component  becomes 
significantly  different  from  the  input  to  the  thin 
shell.  The  right  hand  mounting  configuration 
would  then  be  preferred  for  shock  testing  the 
small  component. 

Considering  the  entire  subassembly,  one 
can  see  that  the  point  of  application  of  a  shock 
could  be  important.  In  the  left  hand  configura¬ 
tion,  the  shell  is  in  tension  during  the  shock.  In 
the  right  hand  figure,  the  shell  is  in  compres¬ 
sion  and  possibly  is  buckling.  The  stresses  in 
the  shell  undoubtedly  would  be  different  in  the 
two  cases.  The  shock  motion  of  the  upper  weight 
could  also  be  considerably  different. 

If  the  test  item  has  long  external  electrical 
cables  which  are  massive  in  size,  the  method 
by  which  these  cables  are  looped  or  fastened  to 
the  carriage  so  that  the  shock  test  will  not 
destroy  the  cabling  must  be  considered.  In 
addition,  possible  cable  whip  feeding  back  into 
the  test  item  must  be  considered  after  the  pri¬ 
mary  shock. 


Input  Accelerometer  Location 

The  input  shock  conditions  to  a  specimen 
are  frequently  monitored  by  an  accelerometer 
placed  in  some  arbitrary  location  on  the  shock 
machine  carriage.  A  shock  pulse  record 
reveals  information  about  the  shock  pulse  only 
at  that  particular  point.  The  accelerometer  at 
another  spot  on  the  carriage  can  record  a 
slightly  different  liqiut  shock.  When  fixtures 
are  added  to  the  carriage  and  the  accelerometer 
placed  on  the  fixture,  this  problem  of  different 
recorded  Inputs  can  be  amplified.  In  Fig.  1 
(left-hand  configuration),  an  accelerometer 
mounted  on  top  of  the  fixture  could  easily  record 
a  different  input  shock  from  one  mounted  directly 
on  the  carriage.  This  is  especially  true  if  the 
subassembly  is  heavy  and  a  flexible  fixture  is 
used  which  is  eccentrically  loaded.  Therefore, 
to  monitor  properly  an  input  shock,  the  liq)ut 
accelerometer  should  always  be  located  close 
to  (but  not  touching)  the  particular  specimen 
concerned.  Thus  in  Fig.  1,  the  input  accelerom¬ 
eter  for  the  small  component  should  be  located 
on  the  lead  beside  the  component.  If  the  entire 
subassembly  is  the  item  of  concern,  then  the 
accelerometer  should  be  located  on  top  of  the 
fixture. 
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Frequency  Response  of  Pulse  Monitoring 
Equipment 

To  conduct  a  satisfactory  instrumented 
shock  test,  the  engineer  must  know  what  range 
of  frequencies  should  be  monitored  by  the  liq>ut 
accelerometer  circuitry.  Most  shock  pulses 
have  some  overriding  frequencies  which  might 
be  detrimental  to  a  specimen.  If  the  instru¬ 
mentation  did  not  record  these  higher  frequen¬ 
cies,  but  faithfully  recorded  the  basic  shock 
pulse,  the  results  of  the  test  might  be 
compromised. 

A  good  example  of  this  problem  is  shown 
in  the  arbitrary  selection  of  an  accelerometer 


to  monitor  a  shock  pulse  generated  by  some 
equipment  which  transmits  a  large  amount  cf 
high-frequency  ringing  to  the  test  Item.  If  the 
high-frequency  ringing  is  greater  than  1.5  times 
the  accelerometer  natural  frequency,  the  signal 
will  be  greatly  attenuated.  Fi^re  2  shows  a 
comparison  of  a  particular  shock  pulse  moni¬ 
tored  by  a  piezoelectric  accelerometer  having 
a  natural  frequency  of  35  kc  and  two  strain  gage 
accelerometers  having  natural  frequencies  of 
2  kc  and  850  cps,  respectively.  The  true  shock 
pulse  obviously  can  be  disguised,  therefore  the 
Instrumentation  selected  should  include  accu¬ 
rate  recordings  of  frequencies  of  concern  other 
than  the  basic  shock  pulse. 


(a)  Piezoelectric  accelerometer,  natural 
frequency  =  35  kc 


(b)  Strain  gage  accelerometer,  natural 
frequency  =  2  kc 


(c)  Strain  gage  accelerometer,  natural 
frequency  =  850  cps 


Fig.  2  -  Single  shock  pulse  monitored  by  accelerometers  having  three  different  natural 
frequencies.  Scope  sensitivities:  25  g/major  div.,  2  ms/major  div. 
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Incomplete  Functional  and  Structural 
Response  Data 

The  error  that  usually  occurs  In  the  func¬ 
tional  response  measurement  of  the  test  Item 
is  that  the  measurement  is  not  made  to  the 
same  time  base  reference  as  the  ii4>ut  shock 
condition.  This  oversight  most  frequently 
occurs  when  two  or  more  oscilloscopes  are 
used  to  record  the  test. 

In  addition  to  a  common  time  base  refer¬ 
ence,  a  structural  response  monitoring  circuit 
should  have  the  same  amount  of  filtering  as  the 
input  monitoring  circuit.  If  these  two  conditions 
are  not  met,  then,  at  best,  the  response  meas¬ 
urement  can  only  consider  amplitude.  Ignoring 
completely  any  phase  shift  from  the  liq>ut. 

Phase  differences  are  lost  completely  without  a 
common  time  reference.  If  the  response  mon¬ 
itoring  circuit  has  more  filtering  than  the  liq>ut 
circuit,  the  recorded  phase  shift  of  the  response 
from  the  input  will  have  a  greater  than  the 
actual  phase  shift  that  exists. 


"Pre-Shock"  and  "Post-Shock"  Accelera¬ 
tion  Effects 

The  liqmt  shock  pulse  specified  in  the  TR 
is  not  the  only  input  acceleration  experienced 
by  the  specimen  from  the  start  to  the  conclu¬ 
sion  of  a  shock  test.  There  will  also  be  second¬ 
ary  accelerations.  Since  the  carriage  on  which 
the  test  item  is  mounted  starts  from  rest  and 
ends  at  rest  (if  the  test  item  is  to  be  recovered), 
accelerations  have  to  occur  in  more  than  one 
direction.  At  Sandla  Corporation,  secondary 
acceleration  levels  during  a  shock  test  generally 
are  less  than  20  percent  of  the  requested  peak 
acceleration  and  so  are  often  Ignored.  Even 
with  this  restriction,  the  error  in  maximum 
response  acceleration  of  the  test  item  might  be 
greater  than  25  percent.  If  secondary  acceler¬ 
ations  are  Ignored,  therefore,  the  test  item 
might  still  be  responding  from  a  preliminary 
acceleration  at  the  time  the  primary  shock  is 
applied  or  else  might  respond  adversely  to  a 
secondary  shock  pulse  after  the  primary  shock 
is  over.  From  this  standpoint,  the  response  of 
a  test  item  to  the  generated  shock  should  be 
considered. 

If  the  test  item  can  be  considered  a  single- 
degree-of-freedom,  linear,  undamped  system, 
there  exists  a  gr^ihlcal  technique  for  one  to 
determine  the  acceleration-time  response  of 
the  item  to  any  kind  of  transient  input.  This 
graphical  technique  uses  the  so-called  "phase- 
plane"  method.  The  gr^hical  method  is  espe¬ 
cially  suited  for  analyzing  generated  input 


shock  pulses  that  cannot  easily  be  described 
mathematically.  Points  taken  directly  from  one 
phase-plane  plot  will  locate  primary  and  resid¬ 
ual  responsive  amplitudes  with  respect  to  time 
for  any  one  specimen  Involved  in  the  test.  This 
method  will  work  for  any  transient  disturbance 
where  the  amplitude  is  acceleration,  velocity, 
or  displacement.  The  theory  behind  the  method 
can  be  found  in  Refs.  1  and  2  and  will  not  be 
discussed  here.  The  technique  requires  only 
the  use  of  graph  paper,  protractor,  compass, 
straight-edge,  and  knowledge  of  the  specimen's 
natural  period. 

Figure  3  shows  how  a  phase-plot  of  a 
single-degree,  linear,  undamped  system  is  gen¬ 
erated  from  a  step-wise  transient  liqmt  accel¬ 
eration.  The  iiq>ut  is  shown  as  a  dotted  line. 

The  centers  of  each  circular  segment  of  the 
phase-plane  are  determined  by  the  acceleration 
level  of  each  step  of  the  transient  liq>ut,  namely, 
■g,  aj,  a],  aj,  and  a4.  The  radius,  ri,  of  the 
first  circular  segment  is  determined  by  the 
initial  starting  conditions.  (In  the  figure  it  is 
assumed  that  the  system  initial  acceleration  and 
Initial  jerk  are  zero;  however,  the  same  proce¬ 
dure  would  be  followed  for  any  other  starting 
conditions.)  This  radius,  r  j,  is  a  rotating 
vector  for  the  time  Interval,  tj,  of  the  first 
step-wise  input  a|.  The  counterclockwise  angle 
through  which  the  rotating  radius  vector  turns 
is  dependent  upon  the  natural  frequency,  p,  of 
the  system  and  the  time  interval  of  the  step. 

The  conditions  of  motion  of  the  system  at  the 
end  of  the  first- step  interval,  0,  become  the 
new  starting  conditions  of  the  system  for  the 
second-step  Interval  of  the  iiq>ut.  A  new  center, 
■j,  and  a  new  radius,  rj,  are  now  used.  The 
second  radius  vector  rotates  through  the  second 
angle  which  is  proportional  to  the  second  time 
interval,  t,.  The  end  conditions  of  the  second 
interval,  ($) ,  become  the  starting  conditions 
for  the  ^rd-step  interval,  and  so  on,  and  the 
procedure  is  repeated  as  often  as  is  necessary. 
One  can  easily  see,  therefore,  that  this  proce¬ 
dure  can  be  applied  to  any  transient  liqmt  shape 
as  long  as  the  shape  can  be  approximated  by 
steps  and  each  step  has  the  same  area  as  that 
portion  of  the  input  transient. 

After  the  phase-plane  plot  is  completed, 
points  representing  various  responsive  acceler¬ 
ations  from  the  phase-plane  plot  can  be  pro¬ 
jected  back  to  the  acceleration-time  history  pl(A 
vdtich  is  superimposed  on  the  transient  input. 


^Harris,  C.  M. ,  and  Crede,  C.  E. ,  Shock  and 
Vibration  Handbook  (McGraw-Hill  Book  Com- 
j^ny.  Inc.,  New  York,  1961),  Vols.  1  and  II. 
^Timoshenko,  S.,  Vibration  Problems  in  Enal- 
neering  (D.  Van  Nostrand  Company,  Inc.,  19»). 
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Fig.  3  -  Response  of  single-degree,  linear,  undamped  system  to  transient  input  pulse 


Thus,  the  entire  acceleration-time  history  of 
the  responding  spring  mass  system  is  shown  in 
the  right-hand  side  of  Fig.  3. 

Figure  4  is  a  phase-plane  plot  and  a  nor¬ 
malized  plot  of  the  acceleration-time  history  of 
a  single-degree,  linear,  undamped  system,  hav¬ 
ing  a  natural  frequency  of  1  kc,  subjected  to  a 
1000-g,  1-ms,  symmetrical  triangle  pulse.  The 
assumption  is  made  that  this  pulse  is  generated 
on  a  free-fall  machine  which  has  no  brakes. 
Rebound  of  the  machine  permits  a  second  Impact 
to  occur.  The  first  Impact  is  seen  to  cause 
residual  vibration  of  the  specimen.  While  the 
specimen  is  still  vibrating,  the  second  impact 
occurs  after  a  certain  Interval  of  time.  The 
resulting  residual  vibration  is  greatly  increased 
in  this  Instance.  (If  a  different  time  interval 
was  involved  for  the  same  specimen,  the  ampli¬ 
tude  of  vibration  would  have  been  different.)  By 
converting  Fig.  4  to  the  conditions  of  the  ex¬ 
ample,  it  is  evident  from  the  first  Impact  that 
the  primary  maximum  response  of  the  system 
would  be  4-1500  g  (point  (T)),  while  the  maximum 
residual  response  would  be  ±1250  g  (points  (3) 
and  d)).  The  time  Interval  between  impacts  is 
some  multiple  Integer  of  1  ms.  From  the  sec¬ 
ond  impact,  the  maximum  prim^  response  of 
the  system  is  4-2700  g  (point  (^  ),  while  the 
residual  response  is  ±2500  g  (points  @  and 
(^ ).  If  the  specimen  had  failed  from  the  sec- 
OM  Impact  and  only  the  first  Impact  had  been 
Instrumented,  improper  evaluation  of  the  test 
would  have  resulted. 


Generated  Pulse  Deviation 

Most  shock  producing  equipment  will  never 
generate  a  shock  pulse  which  is  Identical  to  a 
requested  shock  pulse  as  it  is  now  specified. 

For  the  most  part,  the  specified  peak  acceler¬ 
ation  and  duration  can  be  satisfied,  but  the 
generated  shape  does  not  approximate  very 
closely  the  requested  shape.  Even  though  the 
pulse  shape  in  shock  testing  can  have  a  very 
Important  effect  iq>on  the  response  of  the  speci¬ 
men  to  the  shock,  this  nonconformance  or  devi¬ 
ation  from  the  specification  is  usually  accepted 
by  the  designer  without  question.  The  author 
feels  that  if  the  generated  pulse  is  too  different 
from  the  requested  pulse,  a  check  should  be 
made  in  regard  to  the  response  of  the  specimen 
from  the  generated  pulse  and  the  information 
compared  to  the  specimen  response  for  the 
requested  pulse.  The  check  can  be  made  by 
using  the  "phase-plane"  method  mentioned  pre¬ 
viously  if  a  single-degree,  linear,  undamped 
system  can  be  assumed.  (Refer  again  to  the 
phase-plane  plots  shown  in  Figs.  3  and  4.  The 
Intersections  of  the  phase  path  with  the  x-axis 


determines  the  maximum  primary  and  residual 
acceleration  of  the  system  to  any  generated 
transient.  The  system  acceleration-time  his¬ 
tory  does  not  have  to  be  known.)  The  compari¬ 
son  will  Indicate  whether  the  generated  pulse 
shape  results  in  either  an  undertest  or  over¬ 
test  for  the  particular  specimen.  The  test  pa¬ 
rameters  could  then  be  changed  accordingly. 

The  phase-plane  method  is  a  very  quick  way  to 
obtain  an  Immediate  comparison  of  the  maxi¬ 
mum  response  of  two  or  three  systems  to  shock 
spectra  for  standard  shapes  when  computers 
are  not  readily  available. 

A  method  is  available  at  Sandia  Corporation 
to  compare  records  of  the  generated  pulse  to 
requested  pulse  shapes.  The  generated  pulse 
can  be  catalogued  to  best  iq>proxlmate  one  of 
several  pulse  shapes  standardized  by  Sandia 
Corporation  by  means  of  a  nomograph  (Fig.  5)"' 
designed  by  the  author.  (The  nomograph  also 
has  other  uses  which  will  not  be  discussed 
here.)  The  specimen  response  to  the  catalogued 
pulse  is  then  compared  with  the  specimen  re¬ 
sponse  to  the  requested  pulse. 

Perhaps,  an  example  is  the  best  way  to  see 
how  the  nomograph  is  used  to  catalogue  a  pulse 
shape.  Assume  that  a  TR  specifies  a  haU-sine 
shock  pulse  be  generated  of  100-g  peak  acceler¬ 
ation,  and  24- ms  duration  (measured  at  the  10-g 
acceleration  level).  A  tolerance  of  ±15  percent 
on  all  recorded  pulse  parameters  is  permitted. 

The  acceleration-time  history  in  Fig.  6  is 
obtained  from  a  shock  machine  which  has  re¬ 
strictions  in  regards  to  shock  pulse  shaping.  To 
comply  with  the  TR,  the  magnitudes  of  the  vari¬ 
ables  shown  in  Fig.  6  must  be  compared  to  the 
requested  values  (Table  1). 


TABLE  1 

Recorded  Pulse  Comparison  to  Half-Sine 
Pulse  Shape 


Pulse 

Param¬ 

eter 

Requested 

Half-Sine 

Values 

(Nomo¬ 

graph) 

Recorded 

Values 

Percent 

Deviation 

Ap(g) 

100 

100 

0 

tio(ms) 

24 

24 

0 

to  (ms) 

25 

36 

4-44 

tr(ms) 

8.2 

10 

4-22 

Av  ^ps) 

52 

40 

-23 

^Copies,  11  X  14  in  size,  are  available  upon 
written  request  to  the  author. 
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Fig.  6  -  Recorded  shock  pulse 


From  Table  1  It  Is  obvious  that  the  equip* 
meat  available  for  generating  the  requested 
pulse  cannot  do  so  in  this  example.  If  a  differ* 
ent  pulse  shape  had  been  requested,  then  per¬ 
haps  the  tolerances  could  have  been  met.  The 
generated  pulse  will  now  be  catalogued  to  deter¬ 
mine  a  better  shape  In  order  to  meet  the  toler¬ 
ances.  Cataloguing  consists  of  Inserting  values 
from  the  recorded  picture  (listed  in  Table  1) 

Into  the  appropriate  equations  of  the  nomograph, 
Fig.  5.  For  this  example,  the  following  checks 
are  made: 

•  Comparison  of  the  two  durations,  tg  and 
tjg.  (Use  at  Eq.  1  In  nomograph  indicates  this 
recorded  pulse  shape  best  approximates  a 
parabolic  cusp  at  the  lower  acceleration  levels.) 

e  Comparison  of  rise  time,  t , ,  and  dura¬ 
tion,  tjg.  (Use  of  Eq.  2  In  nomograph  Indicates 
the  recorded  pulse  shape  best  approximates  a 
triangle,  the  haverslne  and  pars^llc  cusp 
shapes  being  possible  considerations.) 

s  Examination  of  the  recorded  velocity 
change,  AV,  peak  acceleration,  A^,  and  duration, 
tg.  (Using  Eqs.  3  and  4  In  the  nomograph,  the 
recorded  pulse  shape  best  approximates  a 
parabolic  cusp.) 


Table  2  compares  the  recorded  pulse  shape 
to  a  100-g  parabolic  cusp,  24-ms  duration  (at 
10-g  acceleration  level).  From  this  analysis 
the  shape  of  a  parabolic  cusp  instead  of  a  half- 
sine  pulse  would  have  to  be  requested  before 
the  shock  pulse  generated  by  this  machine  could 
satisfactorily  meet  the  tolerances  in  the  TR. 

However,  to  Insure  an  equivalent  shock  test 
on  this  machine,  a  check  must  be  made  of  the 
specimen  response  to  the  catalogued  pulse 
(parabolic  cusp),  and  this  response  must  be 
compared  to  the  requested  hall- sine  pulse 
response.  Assume  that  the  specimen  in  a 
single-degree,  linear,  undamped  system  having 
a  natural  period,  T ,  of  25  ms  (40  cps).  The  re¬ 
quested  test  in  the  TR  was  designed  so  that  a 
near  maximum  response  of  the  specimen  would 
occur.  In  Fig.  7  shock  spectra  are  shown  for 
hall-sine  shock  pulses.  (Ref.  3.)  In  this  ex¬ 
ample  the  ratio  of  requested  pulse  duration  (zero 
line)  to  specimen  natural  period  is  1.  The  pri¬ 
mary  response  of  the  specimen  should  then  be 
170  g  for  100-g  Input  (residual  response  ±135  g). 


^Jacobaen,  L.  S.,  and  Ay  re,  R.  S. ,  Engineering 
Vibrations  (McGraw-Hill  Book  Comply,  Inc., 
New  York,  1958). 
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TABLE  2 

Recorded  Pulee  Comparison  to  Farabollc  Cusp  Pulse  Shape 


Pulse 

Parameter 

Recorded  Pulse 
Values 

Parabolic  Cusp  Sjpeclfi- 
cation  (Nomogr^;)h)* 

Percent 

Deviation 

(g) 

100 

100 

0 

tio  (n») 

24 

24 

0 

tg  (ms) 

36 

34 

±6 

t,  (ms) 

10 

11.2 

-11 

Av  (fps) 

40 

37 

±8 

^Verification  of  theae  numbers  is  left  to  the  reader. 


The  specimen  response  to  the  catalogued 
parabolic  cusp,  100  g,  36  ms  at  zero  line,  can 
be  found  from  Fig.  8.  (The  ratio  ■>  1.44.) 
The  primary  response  of  the  specimen  to  the 
catalogued  pulse  is  135  g  (residual  response 
±110  g).  From  this  analysis  the  generated 
pulse  will  cause  the  specimen  to  be  undertested 
with  respect  to  the  original  request. 

Therefore,  if  this  machine  is  to  produce  a 
specimen  response  similar  to  that  which  oc¬ 
curred  for  the  original,  half-sine  pulse  TR,  a 
new  TR  should  be  written  requesting  (for  the 
particular  machine  involved)  a  para^telic  cusp, 


126  g,  24- ms  duration  at  the  13-g  acceleration 
level.  The  specimen  maximum  acceleration 
response  would  then  be  170  g  (primary),  ±137  g 
(residual). 


CONCLUSIONS 

This  piqwr  has  attempted  to  show  how  to 
improve  shock  test  specifications  and  how  test 
procedures  can  compromise  the  test  results. 
Techniques  to  aid  the  designer  and  test  engineer 
in  evaluating  component  shock  test  data  were 
presented. 
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IMPEDANCE  CONSIDERATIONS  IN  VIBRATION  TESTING* 


L.  J.  Pulgrano 

Grumman  Aircraft  Engineering  Corporation 
Bethpage,  New  York 


The  assumption  of  negligible  specimen  impedance  inherent  in  the  mo¬ 
tion  input  approach  to  vibration  testing  is  often  unsatisfied.  In  this 
paper  the  significance  of  this  assumption  is  illustrated  by  considering 
the  relationship  between  the  operational  environment  and  a  motion 
input  test  environment  for  a  spacecraft- launch  vehicle  system  in  which 
the  spacecraft  impedance  is  appreciable. 


INTRODUCTION 

The  most  widely  used  procedure  for  testing 
the  ability  of  a  structure  or  equipment  to  with¬ 
stand  a  vibration  environment  is  to  subject  its 
base  or  attachment  points  to  a  prescribed 
oscillating  motion  input,  at  test  levels  derived 
from  an  envelope  of  measured  vibration  data. 
Inherent  in  this  testing  approach  is  an  assump¬ 
tion  that  the  impedance  of  the  test  specimen  is 
always  much  smaller  than  that  of  its  support¬ 
ing  structure;  or  equivalently,  that  the  meas¬ 
ured  vibration  levels  on  which  the  test  specifi¬ 
cation  is  based  will  not  be  changed  appreciably 
by  the  reactions  of  the  test  specimen  when  it  is 
finally  installed  on  its  supporting  structure. 


operational  environment  and  a  motion  input  test 
environment  for  a  spacecraft-launch  vehicle 
system  in  which  the  spacecraft  impedance  is 
appreciable. 


MECHANICAL  IMPEDANCE 

The  mechanical  Impedance,  z . . ,  of  a  struc 
ture  is  conventionally  defined  as  the  complex 
ratio  of  the  harmonic  exciting  force  to  the  re¬ 
sulting  harmonic  velocity,^  thus 


This  motion  input  approach  to  vibration 
testing  has  been  criticized  in  the  past^  on  the 
grounds  that  the  assumption  of  negligible  speci¬ 
men  impedance  is  often  unsatisfied  when  dealing 
with  large  or  even  moderately  large  structures, 
and  the  resulting  tests  are  generally  overcon¬ 
servative  by  large  factors.  As  yet,  however,  a 
widespread  appreciation  of  this  concept  is  not 
evident,  and  motion  input  test  requirements 
continue  to  appear  even  for  very  large  speci¬ 
mens.  In  this  paper,  the  significance  of  the 
small  Impedance  assumption  is  illustrated  by 
considering  the  relationship  between  the 


where  the  subscripts  i,  j  indicate  particular 
coordinates  on  the  structure.  If  the  velocity  is 
measured  at  the  point  of  excitation  (i.e.,  i  =  j), 
the  resulting  impedance  is  known  as  a  direct  or 
driving  point  impedance;  otherwise,  the  desig¬ 
nation  transfer  impedance  is  used. 

Mechanical  impedance  is  a  convenient 
measure  of  the  resistance  of  a  structure  to  vi¬ 
bration,  the  impedance  being  high  for  a  structure 
that  is  inherently  difficult  to  excite,  and  low  for 
a  structure  that  is  readily  excited.  For  typical 
lightly  damped  structures  the  Impedance  varies 


*This  paper  was  not  presented  at  the  Symposium. 

^Blake,  R.  £.,  "The  Need  to  Control  the  Output  Impedances  of  Shock  and  Vibration  Machines,"  Shock 
and  Vibration  Bulletin  No.  23  (June  1956). 

^Blake,  R.  E.,  amd  Belsheim,  R.  O.,  "The  Significance  of  Impedamce  in  Shock  and  Vibration,"  ASME 
Colloquium  on  Mechamical  Impedance  Methods,  ASME  (1958). 

^Crandall,  S.  H.,  "Impedance  and  Mobility  Analysis  of  Lumped  Parameter  Systems,"  ASME 
Colloquium  on  Mechanical  Impedance  Methods,  ASME  (1958). 
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sharply  as  a  function  of  frequency  over  a  range 
of  about  two  orders  of  magnitude.  Minimum  or 
zero  values  of  impedance  correspond  to  reso¬ 
nant  frequencies,  whereas  maximum  or  infinite 
values  of  direct  impedance  correspond  to  the 
antiresonant  frequencies  associated  with  the 
driving  point  under  consideration. 

Impedance  methods  are  especially  useful 
in  analyzing  the  coupling  of  two  systems  having 
known  characteristics.  For  systems  coupled 
at  a  single  coordinate  it  can  readily  be  shown^ 
that  the  direct  impedance  at  the  Interface  of  the 
coupled  system,  z^,  is  simply  the  sum  of  the 
direct  impedances  of  the  two  subsystems, 
that  is, 

*TOT  ■  *1  +  *2-  (2) 

For  undamped  systems,  the  resonant  frequen¬ 
cies  occur  when  the  Impedance  vanishes, 
therefore 

*tot  '  *1  *2  ■  ®  •  (2) 

or 

I,  =  -Zj 

becomes  the  frequency  equation  for  the  coupled 
system. 

The  relative  Impedance  requirement  that 
must  be  satisfied  for  a  motion  input  specifica¬ 
tion  to  be  a  realistic  test  is  evident  from  these 
simple  expressions.  Assuming  that  the  response 
measured  at  the  Interface  of  the  larger  of  the 
two  systems  (indicated  by  subscript  1)  is  essen¬ 
tially  the  same  with  or  without  the  snialler  sys¬ 
tem,  requires  that  z.fQ.f  be  approximately  equal 
to  Z|,  or  equivalently,  that  zj  be  much  greater 
than  Z2.  If  z2X)t  is  conslderi&ly  different  from 
z  j ,  both  the  resonant  frequencies  and  the  inter¬ 
face  vibration  levels  will  be  affected. 


IMPEDANCE  EFFECTS  FOR  A  TYPICAL 
SPACECRAFT- LAUNCH  VEHICLE 
SYSTEM 

The  system  used  for  illustration  in  this 
section  consists  of  the  Orbiting  Astronomical 
Observatory,  a  3300-pound  satellite,  being 
developed  by  the  Grumman  Aircraft  Ei^ineer- 
Ing  Corporation  for  the  Goddard  Space  Flight 
Center  of  NASA,  and  its  Atlas-Agena  B  launch 
vehicle.  As  a  part  of  the  spacecraft  develop¬ 
ment  program,  the  direct  Impedances  of  both 
the  spacecraft  and  the  launch  vehicle  were  cal¬ 
culated  in  the  axial  direction  at  the  interface. 
These  calculations  were  based  on  lumped 


parameter  representations  and  assumed  struc¬ 
tural  damping  factors  0.04.  Curves  of  the 
resulting  in^iedances  are  presented  in  Fig.  1 
for  frequencies  iqp  to  500  cps.  Although  the 
upper  portions  of  this  frequency  band  are  sub¬ 
ject  to  considerable  Inaccuracy  because  of  the 
limitations  of  the  mathematical  representation, 
the  system  is  only  being  regarded  as  typical, 
and  the  general  discussion  will  not  be  affect^ 
by  these  inaccuracies. 

The  curves  of  Fig.  1  reveal  that  the  launch 
vehicle  impedance  is  much  higher  than  the 
spacecraft  impedance  over  most  of  the  frequency 
range;  however,  there  are  also  several  ranges 
in  which  the  spacecraft  impedance  is  as  high  as 
or  higher  than  that  of  the  launch  vehicle.  Since 
flight  vibration  is  primarily  a  resonant  phe¬ 
nomenon,  measurements  made  on  the  launch 
vehicle  without  a  spacecraft  or  with  a  small 
spacecraft  would  indicate  maximum  vibration 
at  the  launch  vehicle  resonances,  or  frequen¬ 
cies  of  minimum  impedance,  and  much  lower 
levels  at  other  frequencies.  Typical  motion 
input  vibration  specifications,  which  are  based 
on  envelopes  of  peak  vibration  levels,  are 
therefore  representative  of  minimum  values  of 
launch  vehicle  impedance;  significantly,  it  is  at 
these  minimum  values  that  Fig.  1  shows  the 
spacecraft  Impedance  to  be  comparable  to  or 
greater  than  that  of  the  launch  vehicle.  The 
fact  that  the  launch  vehicle  impedance  is  much 
larger  in  other  ranges  is  of  little  importance 
since  no  ^preciable  vibration  occurs  in  those 
ranges. 

During  a  motion  iiq>ut  vibration  test,  the 
largest  amplifications  of  the  iiynit  motion,  and 
thus  the  most  severe  conditions,  occur  at  the 
antiresonant  frequencies  of  the  spacecraft,  or 
frequencies  of  maximum  spacecraft  impe<ihmce. 
This  is  shown  in  Fig.  2,  for  the  system  under 
consideration,  where  the  ratio  of  the  response 
at  the  top  of  the  spacecraft  to  the  iiqnit  motion 
is  plotted  as  a  function  of  frequency.  A  maxi¬ 
mum  amplification  of  27  occurs  at  53  cps,  the 
first  spacecraft  antiresonant  frequency. 

By  requiring  that  the  liqnit  motion  at  the 
spacecraft  antiresonant  frequencies  be  repre¬ 
sentative  of  the  launch  vehicle  resonant  re¬ 
sponse,  the  motion  input  test  anticipates  a  con¬ 
dition  in  which  a  launch  vehicle  resonance 
coincides  with  a  spacecraft  antiresonance.  R 
follows,  then,  that  in  those  frequency  raises  for 
which  the  motion  input  test  is  most  severe,  the 
resulting  spacecraft  response  is  realistic  only 
if  the  maximum  spacecraft  Impedance  is  much 
less  than  the  minimum  values  of  impedsuice 
associated  with  neighboring  launch  vehicle  reso¬ 
nances.  H  reference  is  again  made  to  Fig.  1,  it 
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Fig.  1  -  Direct  impedance  curves  (or  typical  spacecraft 
and  launch  vehicle 


Is  seen  that  the  Impedance  of  the  first  space¬ 
craft  antiresonance  (53  cps)  is  thirty  times  as 
large  as  the  Impedance  of  the  nearest  launch 
vehicle  resonance  (50  cps).  Furthermore,  the 
Impedance  at  every  one  of  the  spacecraft  anti¬ 
resonances  exceeds  that  of  any  neighboring 
launch  vehicle  resonance.  It  must  therefore  be 
concluded  that  for  this  configuration  the  space¬ 
craft  impedance  cannot  be  considered  small 
relative  to  that  of  the  launch  vehicle.  The  reac¬ 
tion  forces  generated  by  the  vibrating  spacecraft 
may  be  expected  to  have  an  appreciable  effect 
on  the  vibration  levels  at  the  Interface.  The 
large  nuurgln  by  which  the  small  Impedance 
assumption  Is  invalid  In  this  case  casts  serious 
doubts  as  to  Its  validity  In  many  other  cases, 
and  provides  an  effective  demonstration  of  the 
fact  that  it  may  be  seriously  erroneous  to 
assume  that  a  test  specimen  with  relatively 
small  nuMs  also  has  relatively  small 
impedance. 

The  conditions  under  which  a  motion  liqmt 
test  Is  strictly  valid  have  been  discussed;  next, 
the  results  of  misapplying  such  a  test  by 


Imposing  It  on  systems  having  appreciable 
impedance  must  be  considered.  First,  the 
ch^es  in  resonant  frequencies  due  to  the 
coupling  of  two  systems  will  be  discussed. 

For  systems  linked  at  a  single  coordinate, 
a  graphictd  solution  of  Eq.  3  provides  a  con¬ 
venient  method  of  obtaining  the  cmq>led  system 
resonant  frequencies.  If  the  undamped  imped¬ 
ance  of  the  first  system  and  the  negative  of  the 
undamped  impedance  of  the  second  system  are 
plotted  on  the  same  graph,  the  Intersections  of 
the  two  Impedance  curves  will  occur  at  the 
resonant  frequencies  of  the  combined  system. 
This  plot  Is  presented  for  our  typical 
spacecraft-launch  vehicle  system  In  Fig.  3.  It 
Is  seen  that  the  addition  of  the  spacecraft  has 
resulted  In  nearly  doubling  the  number  of  reso¬ 
nances  In  the  frequency  range  below  500  cps, 
with  the  original  resonances  of  the  launch  vehi¬ 
cle  (which  occur  where  the  launch  vehicle  Im¬ 
pedance  curve  crosses  zero)  being  shifted  In 
frequency  to  varying  extents.  Since  flight 
vibration  la  primarily  resonant.  It  will  be  at 
these  new  resonant  frequencies,  rather  than  the 
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FREQUENCY  (CPS) 


Fig.  2  -  Response  at  top  of  spacecraft  for  a  motion  input 
at  the  base 


original  launch  vehicle  resonances,  that  the 
most  severe  vibration  wili  occur. 

Since  the  form  shown  by  the  direct  imped¬ 
ance  curves  of  Fig.  3  is  characteristic  of  all 
undamped  systems,  some  comments  concerning 
their  general  behavior  appear  ai^ropriate.  In 
all  mechanical  systems  the  direct  impedance 
alternates  between  resonances  and  antireso¬ 
nances,  with  a  change  of  sign  occurring  at  each 
of  these  frequencies.  When  two  mechanical 
systems  are  linked  at  a  single  coordinate,  an 
antiresonance  of  the  combined  system  occurs 
for  the  coupled  coordinate  at  each  antiresonance 
of  either  of  the  two  subsystems,  and  again  a 
resonance  occurs  between  every  two  antireso¬ 
nances.  U  one  of  the  two  systems  has  a  generally 
small  impedance  compared  to  that  of  the  other, 
the  resonances  of  the  combined  system  will  fall 
near  the  resonances  of  the  system  with  the 
larger  impedance  and  near  the  antiresonances 
of  the  system  with  the  smaller  impedance.  The 
validity  of  these  comments  can  be  deduced  from 
the  characteristic  behavior  of  these  impedance 
curves.  For  further  Information  the  reader  is 


referred  to  the  comprehensive  discussions  of 
Refs.  4  and  5. 

The  change  in  resonant  frequencies  due  to 
the  installation  of  a  spacecraft  having  significant 
impedance  has  now  been  described;  the  next 
factor  to  be  considered  is  the  effect  of  the  space¬ 
craft  reaction  forces  on  the  vibration  levels  at 
the  interface.  A  detailed  description  of  the 
actual  interface  flight  environment  for  the  typical 
launch  vehicle  being  considered  is  not  available 
for  this  discussion,  and  the  actual  excitation 
causing  flight  vibration  is  extremely  complex 
and  not  known  in  sufficient  detail  to  permit  a 
calculation  of  these  levels.  The  discussion  will 
therefore  be  based  on  the  vibratory  response  of 
the  launch  vehicle  to  a  simple  harmonic  excita¬ 
tion.  Since  direct  impedance  curves  are 


^Bishop,  R.  £.,  and  Johnson,  D.  C.,  The  Me¬ 
chanics  of  Vibration  (Cambridge  University 
Press,  1960). 

^MacNeal.R.  H.,  "Vibrations  of  Composite  Sys¬ 
tems,"  California  Inst,  of  Technology  Report 
No.  4  for  ARDC  ( 1954).  (Astia  AD  No.  631 18. ) 
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■■  LAUNCH  VEHICte  IMPEDANCE 
—  —  NEGATIVE  OF  SPACECRAFT  IMPEDANCE 


O  NEW  RESONANT 
FREQUENCIES 


FREQUENCY  ICPS) 

Fig,  3  •  Undamped  direct  impedance  curves  for  t/pical  space¬ 
craft  and  launch  vehicle  showing  new  resonant  frequencies  of 
combined  system 


available  for  the  Interface,  this  becomes  the 
most  convenient  location  to  apply  the  excitation. 

The  frequency  range  of  greatest  Interest 
for  this  discussion  lies  in  the  vicinity  of  the 
first  spacecraft  antiresonance,  where  an  ampli¬ 
fication  of  27  occurs  during  a  motion  input  test 
(see  Fig.  2).  This  is  the  only  spacecraft  anti- 
resonance  in  the  lower  f  requency  range  at  which 
significant  amplification  occurs. 

The  response  curves  for  this  discussion 
are  most  conveniently  presented  in  terms  of 
mobility,  which  is  the  inverse  of  mechanical 
Impedance.  Mobility,  or  the  response  to  a  unit 
exciting  force,  is  plotted  in  curve  1  of  Fig.  4 
for  the  typical  launch  vehicle  In  the  range 
around  53  cps,  the  first  spacecraft  antlresonant 
frequency.  The  50-cps  launch  vehicle  resonance 
is  seen  as  a  peak  in  the  mobility  curve. 


approach  to  establishing  a  conservative  vibra¬ 
tion  test  is  followed,  a  straight  line  would  be 
drawn  as  shown  by  curve  2  of  Fig.  4,  through  or 
above  the  peak  vibration  levels  observed.  This 
would  then  become  the  test  liqnit  motion  for  the 
spacecraft. 

The  response  at  the  top  of  the  spacecraft  to 
this  input  motion  is  plotted  in  the  third  curve  of 
Fig.  4,  and  it  is  seen  that  the  spacecraft  vibra¬ 
tion  environment  becomes  27  times  as  severe 
as  the  original  launch  vehicle  environment.  It 
is  not  at  all  uncommon  to  proceed  from  this 
point  by  assuming  that  the  spacecraft  represents 
a  large  Impedance  to  all  subsystems  mounted 
within  it,  and  to  provide  an  envelope  of  the  leveU 
measured  during  the  vibration  test  as  an  iiqmt 
to  these  subsystems.  In  this  manner,  it  is  pos¬ 
sible  to  "pyramid"  the  overall  amplifications  to 
extremely  high  and  generally  unrealistic  values. 

Next,  it  is  necessary  to  determine  the 
actual  spacecraft  response  when  the  coupled 


If  this  response  is  now  regarded  as 
measured  vibration  data,  and  the  conventional 
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FREQUENCY  (CPS) 


Fig.  4  -  Spacecraft  and  launch  vehicle  response 
(mobility)  curves 


spacecraft- launch  vehicle  system  is  acted  on  by 
the  same  excitation  that  caused  the  interlace 
motions  shown  by  curve  1,  Fig.  4.  Prior  to  the 
attachment  of  the  spacecraft,  the  launch  vehicle 
impedance  at  the  interface  is 

"  I"  (4) 


After  the  spacecraft  is  attached,  the  interface 
impedance  becomes  the  sum  of  the  spacecraft 
and  launch  vehicle  impedances  (from  Eq.  (2)), 
that  is. 


*TOT  ■ 


*1  +  *2  = 


(5) 


where  q'  is  the  new  Interface  motion.  Dividing 
Eq.  (4)  by  Eq.  (5)  and  rearranging,  yields  the 
new  interface  response  in  terms  of  the  original 
Interface  response  and  the  impedances  of  the 
spacecraft  and  launch  vehicle. 


q  = 


(6) 


If  this  calculation  is  carried  out,  with  dde  regard 
for  the  phase  angles  of  the  impedances,  the  in¬ 
terface  response  shown  in  curve  4,  Fig.  4  re¬ 
sults.  It  is  seen  that  at  the  53  cps  spacecraft 
antiresonance  the  interface  vibration  level  has 
been  reduced  appreciably  from  an  already  low 
values,  and  that  a  new  resonant  peak  has  ap¬ 
peared  at  45.5  cps. 

The  response  at  the  top  of  the  spacecraft 
corresponding  to  this  new  interface  motion  is 
shown  in  curve  5  of  Fig.  4.  The  maximum  space¬ 
craft  vibration  levels  are  seen  to  be  significantly 
lower  on  the  actual  coupled  system  than  they 
are  during  the  vibration  test.  For  the  coupled 
system  the  most  severe  spacecraft  vibration 
levels  are  only  3  times  the  highest  original 
launch  vehicle  levels,  as  compared  to  27  times 
these  levels  during  the  vibration  test.  The 
motion  input  test  in  this  case  is  therefore  con¬ 
servative  by  a  factor  of  nine. 
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A  widely  held  belief  which  hu  been  demon¬ 
strated  to  be  valid  for  a  simple  system^  Is  that 
the  spacecraft  will  experience  the  most  severe 
vibration  If  a  coincidence  occurs  between  a 
spacecraft  antiresonance  and  a  launch  vehicle 
resonance.  In  order  to  consider  the  result  of 
this  eventuality,  the  previous  calculations  were 
repeated  with  the  spacecraft  impedance  curve 
shifted  slightly  to  the  left  to  bring  about  a  coin¬ 
cidence  between  the  53-cps  spacecraft  anti¬ 
resonance  and  the  SO-cps  launch  vehicle  reso¬ 
nance.  The  set  of  curves  corresponding  to  this 
calculation  are  shown  in  Fig.  5.  The  interface 
vibration  levels  for  the  co\4>led  system  now 
show  a  pronounced  dip  at  what  was  previously 
the  frequency  of  maximum  vibration,  the  new 
response  being  only  1/25  of  the  original.  On 
both  sides  of  this  dip  are  the  new  resonant 


^Blake,  R,  and  Ringstrom,  T.,  "The  Influ¬ 
ence  of  Maas  and  Damping  on  the  Response  of 
Equipment  to  Shock  and  Vibration,"  S^ck  and 
Vibration BulletinNo.  28,  Part  IV 'August  1960). 


frequencies  of  the  coupled  system.  The  re¬ 
sponse  at  the  tq;>  of  the  spacecraft  Is  again 
much  less  on  the  coupled  system  than  It  Is  dur¬ 
ing  the  vibration  test,  and  a  comparison  of  the 
spacecraft  vibration  levels  in  Figs.  4  and  5  dis¬ 
closes  that  there  Is  little  difference  between  the 
two.  Thus,  even  In  the  "worst  case"  the  motion 
Input  test  remains  conservative  by  a  factor  of 
nine  for  this  spacecraft-launch  vehicle 
combination. 


A  MODIFIED  TEST  PROCEDURE 

tt  has  been  shown  in  the  previous  sections 
that  the  Impedance  of  a  test  specimen  must  be 
small  compared  to  that  of  its  siq>porting  struc¬ 
ture,  if  a  motion  liq>ut  requirement  is  to  be  a 
valid  test.  B  the  Impedance  of  a  specimen  is 
signlflcsmt,  the  reaction  forces  generated  by  its 
vibration  can  have  an  appreciable  effect  on  both 
the  resonant  frequencies  and  the  vibration  levels 
of  its  supporting  structure.  Under  these  condi¬ 
tions  it  is  no  longer  realistic  to  consider  an 


Fig.  5  -  Spacecraft  and  launch  vehicle  response 
(mobility)  curves  for  case  of  coincident  space¬ 
craft  antiresonant  and  launch  vehicle  resonant 
frequencies 
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envelope  ol  previously  measured  iiderlace 
motions  as  "Inputs"  to  the  test  specimen,  since 
these  motions  are  now  part  of  the  response  of 
a  new  coupled  system.  Assuming  broa(S>and 
excitation,  this  response  occurs  primarily  at 
the  resonant  frequencies  of  the  coupled  system, 
and  not  at  either  the  resonant  frequencies  of  the 
supporting  structure  alone  or  the  antlresonant 
frequencies  of  the  test  specimen  alone. 

The  use  of  a  conventional  motion  liqtut  test 
results  In  the  highest  vibration  levels  occurring 
at  the  specimen  antlresonant  frequencies, 
whereas  for  specimens  with  significant  imped¬ 
ance  there  Is  no  reason  to  expect  the  highest 
levels  to  occur  at  these  frequencies  In  the  oper¬ 
ational  environment.  Furthermore,  a  specimen 
with  significant  Impedance  loads  down  Its  sup¬ 
porting  structure  at  its  antlresonant  frequencies 
and  causes  a  reduction  in  the  "iiqput"  motion. 

For  the  spacecraft-launch  vehicle  combination 
shown  in  Fig.  5  a  reduction  by  a  factor  of  over 
25  was  observed  at  the  first  spacecraft  anti¬ 
resonant  frequency.  No  allowance  Is  made  for 
this  effect  in  a  conventional  motion  Input  test. 

One  modification  of  the  motion  input  test 
that  Is  commonly  used  permits  a  reduction  In 
the  input  at  critical  antlresonant  frequencies  to 
avoid  unrealistically  high  vibration  levels  or 
structural  loads.  An  alternate  and  more 
straightforward  approach  Is  to  abandon  the 
motion  Input  altogether,  define  Instead  an  enve¬ 
lope  of  the  anticipated  response  on  the  primary 
structure  of  the  specimen  In  Its  operational 
environment,  and  use  this  envelope  to  specify 
the  response  on  the  primary  structure  of  the 
specimen  during  Its  vibration  test.  It  is  im¬ 
portant  to  point  out  that  in  using  this  method, 
the  response  cannot  be  defined  for  any  single 
monitoring  point,  since  at  the  antlresonant  fre¬ 
quencies  associated  with  the  point  chosen,  large 
amplifications  may  occur  on  the  test  specimen 
In  the  same  manner  as  they  do  at  the  driving 
point  antiresonances  during  a  motion  liqnit  test. 
To  avoid  this  condition,  It  is  necessary  to  define 
the  test  envelope  by  the  levels  of  several  moni¬ 
toring  points  distributed  over  the  primary 
structure.  The  envelope  may  be  defined  as 
either  the  average  vibration  level  of  all  the 
monitoring  points,  or  the  highest  level  shown 
by  any  single  point.  Reasonable  arguments  exist 
for  using  either  of  these  approaches,  however. 

It  Is  not  clear  at  present  which  Is  the  most  de¬ 
sirable.  If  the  maximum  level  Is  used,  care 
must  be  exercised  to  avoid  having  the  test 
unduly  Influenced  by  very  localized  response. 

On  the  other  hand,  if  the  average  level  Is  used, 
the  possibility  exists  of  unrealistically  high 
vibration  levels  over  a  small  portion  of  the 
structure.  In  either  case,  the  levels  used  should 


be  representative  of  vibration  on  prlnoary  struc¬ 
ture,  and  large  amplifications  occurring  during 
the  test  on  seconds^  structure  should  not  be 
arbitrarily  considered  as  grounds  for  reducing 
the  overall  test  levels,  since  these  amplifica¬ 
tions  may  actually  be  representative  of  the  op¬ 
erational  environment. 

For  large  Impedance  specimens  the  response 
envelope  will  probably  not  be  appreciably  above 
the  envelope  of  measured  data  conventionally 
used  as  an  Input,  and  will  not  be  s(d>ject  to 
variations  as  large  as  those  experienced  by  the 
Interface  In  the  frequency  ranges  near  the  speci¬ 
men  antiresonances.  In  the  case  of  the 
spacecraft-launch  vehicle  combinations  consid¬ 
ered  In  Figs.  4  and  5  the  maximum  spacecraft 
response  was  approximately  three  times  that 
observed  at  the  50-cps  launch  vehicle  resonance 
before  the  spacecraft  was  attached.  However, 
the  response  of  the  launch  vehicle  to  the  same 
excitation  at  some  of  its  other  resonant  frequen¬ 
cies  (e.g.,  21  and  115  cps)  would  be  even  higher 
than  the  spacecraft  response  occurring  In  the 
coupled  system  In  the  50-cps  range,  so  that  a 
broad  flat  envelope  through  the  peaks  In  the 
launch  vehicle  response  would  also  Include  the 
maximum  spacecr^t  response  for  this  critical 
frequency  range.  For  this  case,  therefore,  a 
vibration  envelope  at  or  slightly  above  the  levels 
conventionally  used  as  Inputs  would  be  suitable 
to  define  the  spacecraft  response. 

Since  only  one  case  has  been  Investigated 
to  a  limited  extent  In  this  paper,  considerably 
more  work  Is  needed  before  general  rules  can 
be  developed  for  establishing  response  envelopes 
for  a  large  variety  of  specimens.  Qualitatively, 
It  Is  evident  that  as  the  specimen  impedance 
becomes  smaller  the  response  envelope  for 
testing  must  be  moved  further  and  further  above 
the  envelope  of  measured  data  until  eventually 
It  becomes  more  realistic  to  return  to  a  motion 
liqnit  test.  Until  general  rules  can  be  developed 
It  may  be  necessary  to  do  simple  Impedance 
calculations  of  the  t3rpe  shown  in  this  paper  for 
each  individual  case  before  a  conservative 
response  envelope  can  be  established  with 
confidence. 

The  specification  of  response,  rather  than 
input,  has  several  decided  advantages  over  a 
conventional  motion  liqnit  test  for  specimens 
having  significant  impedance.  First,  It  does  not 
produce  greatly  Increased  response  levels  at 
the  specimen  antlresonant  frequencies;  rather 
It  subjects  the  specimen  to  more  nearly  the 
same  Intensity  of  vibration  throughout  the  fre¬ 
quency  range,  thus  providing  more  equal  as¬ 
surance  of  acceptability  for  resonances  occur¬ 
ring  at  any  frequency.  Second,  by  defining  the 
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response,  the  degree  of  conservatism  in  the 
test  becomes  more  predictable,  since  variations 
In  peak  response  are  less  pronounced  than  vari¬ 
ations  In  the  "Input."  Finally,  generally  higher 
vibration  levels  can  be  used  throughout  the  test 
range,  since  the  difficulties  associated  with 
large  antlresonant  amplifications  are  elimi¬ 
nated.  Some  increased  difficulty  in  instrumen¬ 
tation  and  shaker  control  will  inevitably  occur 
in  using  this  test  procedure,  but  this  will  not  be 
serious  enough  to  outweigh  the  benefits  obtained 
from  more  realistic  vibration  tests. 


It  is  recognized  that  this  discussion  leaves 
many  questions  unanswered,  some  of  which  must 
remain  unanswered  until  new  test  techniques 
are  actually  tried  in  the  laboratory.  It  is  hoped 
that  others  in  the  field  will  be  encouraged  by 
this  paper  to  present  their  own  views  and  sug¬ 
gestions,  and  that  ultimately,  more  realistic 
vibration  test  and  design  procedures  for  struc¬ 
tures  with  appreciable  Impedance  will  result 
from  these  discussions. 
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Section  4 

ISOLATOR  DESIGN 


SUSPENSION  SYSTEM  DESIGN  TO  REDUCE 
HIGH  INTENSITY  SHOCK* 

J.  T.  Gwinn,  Jr. 

Lord  Manufacturing  Company 
Erie,  Pennsylvania 


This  paper  presents  basic  concepts  that  must  be  recognized  and  used 
in  the  design  of  resilient  suspensions  to  attenuate  high  intensity  shock. 
The  theoretical  response  of  a  given  system  may  be  calculated  from 
measured  test  data  for  the  Navy  Hi-Impact  Shock  Testing  Machine  and 
known  fragility  data  for  the  equipment  to  be  protected.  Such  a  design 
problem  is  reviewed.  Actual  test  data  taken  during  shock  testing  of  the 
system  is  compared  to  the  calculated  response  and  proves  the  design 
approach. 


INTRODUCnCW 

High  Intensity  shock  is  a  fundamental  type 
of  dynamic  iooding  which  frequently  causes 
equipment  malfunction.  It  is  normally  encoun¬ 
tered  in  naval  shipboard  service  as  the  reisult 
of  explosive  blasts  or  high  velocity  impacts. 
Frequently,  however,  it  is  used  in  the  labora¬ 
tory  under  more  controlled  conditions  to  deter¬ 
mine  equipment  functional  integrity.  Even 
under  controlled  conditions,  high  intensity 
shock  as  a  system  input  is  difficult  to  consider 
analytically  because  of  the  complex  relation¬ 
ship  between  parameters  which  may  be  used  to 
describe  it.  This  naturally  makes  difficult  the 
task  of  designing  equipment  vdilch  will  function 
properly  after  it  is  subjected  to  this  envirmunent. 

CarefuUy  engineered  suspensi(»  qrstems 
may  be  used  to  attenuate  high  intensity  shock  to 
tolerable  levels.  Their  use  simplifies  the 
overall  design  problem  because  response  to  the 
shock  iiqnit  is  predictable.  Substantial  system 


deflectim  must  be  permitted,  however,  if  the 
hitdi  intensity  shock  is  to  be  attenuated  appre¬ 
ciably.  This  cannot  be  obtained  with  hard 
mounted  equipment  installations. 

Thus,  the  need  to  introduce  additional  sus¬ 
pension  system  elements,  if  high  intensity 
shock  attenuation  is  required.  Is  evident.  These 
elements,  however,  must  be  engineered  to  do  a 
specific  job.  Introduction  of  suspension  system 
elements  with  the  wrong  type  of  stiffness, 
damping,  and  deflection  characteristics  could 
cause  more  severe  shock  response  than  hard 
mounting. 


TERMINOLOGY  AND  UNITS 

Ah  „  -  Maximum  response  acceleration 
for  shock  inpids  b) 

d  -  General  symbol  for  deflection 
(inches) 


*Thif  paper  wae  not  preiented  at  the  Symposium. 
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*^11.0.  ~  Minimum  pouiible  deflection  of  an 
effective  buckling  isolator  (inches) 

d„  -  Maximum  required  deflection  of 
an  effective  linear  Isolator 
(inches) 

‘^■hock  ~  Simple  system  relative  displace¬ 
ment  due  to  a  step  velocity  shock 
input  (inches) 

dg  -  Deflection  due  to  static  load 
(inches) 

dy  -  Linear  deflection  required  for 
vibration  (inches) 

Watered  ~  Synergy  stored  in  elastic  member 
(inch-pound) 

-  Simple  system  natural  frequency 
(cps) 

fn(coBb)  ~  Natural  frequency  of  a  simple 

system  with  combined  structural 
and  isolator  stiffnesses  (cps) 

K  -  General  symbol  for  spring  rate 
(pounds/inch) 

Kg  -  Supporting  structure  stiffness, 
spring  rate  (pounds/inch) 

K,,  -  Combined  isolator  and  structural 
stiffness  (pounds/inch) 

K,  -  Suspension  stiffness,  spring  rate 
(pounds/inch) 

m,  -  Mass  of  equipment  (lb  sec^/lnch) 

-  Maximum  force  transmitted  by 
isolator  (pounds) 

Pg  g  -  Static  load  (pounds) 

AV  -  Step  velocity  shock  input  (inches/ 
second) 


x(t),  i((t)  -  Input  excitation  functions,  dis¬ 
placement  and  velocity 

y(t).  i^t)  -  Response  functions,  displacement 
and  acceleration 


THE  ENCHNEERED  SUSPENSION  SYSTEM 

The  excitatim  from  high  impact  testing  or 
actual  shock  conditions  has  many  frequency 
components  and  an  actual  electronic  equipment 


has  mai^  normal  modes  of  response  dictated 
by  the  parts  which  make  it  an  assembly.  As  a 
result,  if  such  equipment  is  "hard  mounted" 
and  subjected  to  shock,  these  exponents  will 
have  a  higher  probability  ol  failure  or  malfunc¬ 
tion  than  would  be  possible  if  the  unit  were 
suM>orted  on  a  prqperly  designed  suspension. 
This  is  so  because  the  components  are  sub¬ 
jected  to  the  full  intensity  of  the  complex  exci¬ 
tation  in  the  former  case  and  to  a  "filtered" 
excitation  in  the  latter.  Since  it  is  impossible 
to  design  or  modify  a  complex  piece  of  equip¬ 
ment  so  that  it  does  not  have  many  normal 
modes  of  responses,  and  since  these  modes 
will  in  all  probability  be  violently  excited  by 
shock  when  the  unit  is  hard  mounted,  reliability 
under  such  conditions  is  difficult  to  obtain.  To 
pass  tests,  modifications  can  be  made  to  the 
equipment  but,  since  equipment  respemse  under 
"hard  mounted"  conditions  is  nonlinear  and 
complex,  and  therefore  not  predictable,  it  may 
be  extremely  fallacious  to  assume  that  this  in¬ 
sures  reliability  under  actual  conditions. 

On  the  other  hand,  the  response  of  an 
equipment  supported  by  a  properly  designed 
suspension  is  predictable  for  equal  conditions 
and  is  therefore  a  significant  help  to  the  equip¬ 
ment  designer  responsible  for  reliability  under 
dynamic  loading.  Once  a  given  practical  level 
of  maximum  transmitted  acceleration  is  de¬ 
cided  upon,  the  characteristics  of  the  suspen¬ 
sion  necessary  to  assure  this  can  be  deter¬ 
mined.  Then  all  further  equipment  mechanical 
design  can  be  continued  with  a  higher  degree  of 
confidence  that  future  shock  tests  will  be  suc¬ 
cessfully  passed,  and  necessary  modifications 
minimized.  More  Important,  the  response  to 
actual  conditions  is  more  likely  to  be  close  to 
that  which  was  anticipated  by  analysis.  This  is 
the  stremgest  single  argument  for  use  of  prop¬ 
erly  designed  shipboard  electronic  equipment 
suspension  systems. 


SYSTEM  SHOCK  RESPONSE 

The  true  nature  of  shock  expected  aboard 
operational  ships  is  now  being  studied  in  detail, 
liie  Navy  Hi-Impact  Shodc  Test  has  been  used 
to  determine  equipment  suitability,  since  early 
World  War  n.  The  damage,  fitilures,  and  mal¬ 
functions  resulting  from  this  test  are  similar 
to  those  resulting  from  battle  conditions  in 
operational  service.  Indeed,  the  test  was  con¬ 
trived  for  the  purpose  of  reproducing  in  the 
laboratory,  the  observed  effects  of  shipboard 
shock. 


In  contrast  to  actual  shipboard  shock  as  en¬ 
countered  in  operation,  the  shock  characteristics 
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of  the  Hi-Impact  Test  Machines  have  been 
thoroughly  staled  and  well  documented  [1,2]. 

Taking  these  into  account,  shock  as  pro¬ 
duced  by  the  Hi-Impact  Test  Machines  may  be 
considered  as  a  step  velocity  change  of  10  to  12 
fps  for  purposes  of  determining  maximum 
values  of  simple  system  response.  Shock  spec¬ 
tra  data  correlate  very  well  with  resp<mse 
analysis  of  the  simple  systems  which  treat  the 
shock  excitation  as  a  10-  to  12-fps  step  input. 

In  addition,  actual  measurements  of  the  impul¬ 
sively  attained  velocity  of  the  test  machine 
anvil  table  indicate  this  value  [3]. 

The  theory  of  how  a  simple  system  re¬ 
sponds  to  a  step  input  velocity  change  has  been 
adequately  presented  in  several  references 
[4,5].  However,  the  devel(q>ment  of  this  theory 
and  the  resultant  conclusions  depend  upon  the 
use  of  differential  equations  or  operational 
mathenutics  and,  therefore,  is  a  confusing 
subject  to  many  engineers.  The  conclusions 
are  of  princip^  interest  and  are  summarized 
here  to  support  later  recommendatlmis.  Gen¬ 
erally,  the  important  factors  of  simple  system 
respmise  to  shock  are  the  maximum  accelera¬ 
tion  transmitted  to  the  mounted  equipment  and 
the  displacement  across  elastic  members  in 
the  system  (relative  motion  between  equipment 
and  support).  Note  that  these  are  the  same 
factors  that  are  Important  in  determining  re¬ 
sponse  to  vibration  inputs. 


ov  =  x(t)  ■  magnitude  of  input  step  ve-  | 

locity  change  in  inches/  | 

sec(^,  and  1 

■  system  natural  frequency  in  | 

cps  I 

! 

Note  in  Eq.  (1)  that  as  suspension  natural  fre¬ 
quency  is  decreased,  the  maximum  equipment 
acceleratlim  is  also  decreased  for  a  given  step 
velocity  input. 

The  displacement  across  the  elastic  mem¬ 
ber  (K,)  of  the  suspension  is  given  by  the  sim¬ 
ple  expression: 

'l.h.ek  =  [*(t)-y(t)]  =  (for  AV  =  12  fpt)  (2) 
or 

d.hoek  =  (forAV=  lOfpi).  (3) 

‘n 

where: 

d(hock  ~  displacement  across  K.  in  inches, 
and 

f„  ■  system  natural  frequency  in  cps. 


time 


Note:  The  effect  of  damping 
on  maximum  values  of  shock 
response  is  negligible  for 
the  system  being  considered. 


Fig,  1  •  Simple  model  with  step  velocity  input 


Specifically,  for  a  step  velocity  input  to  the 
simple  system  shown  in  Fig.  1,  the  maximum 
response  acceleration  [4]  is 


^i.a. 


y(t) 


(^V)  fn  . 
61.4  •’ 


where: 


(1) 


Ay  n  =  y(t)  ■  nuximum  acceleration  of 
equipment  (m.)  g. 


Now  note  that  if  suspension  natural  fre¬ 
quency  is  to  be  decreased.  Isolator  linear  de¬ 
flection  must  increase.  Tieing  this  in  with  Eq. 
(I)  leads  to  the  conclusion  that  to  reduce  trans¬ 
mitted  acceleration  to  a  mounted  equipment, 
the  deflection  of  the  suspension  muM  increase 
for  a  given  system  input.  Equations  (1),  (2), 
and  (3)  have  been  plotted  in  Fig.  2  for  a  step 
velocity  change  of  10  to  12  fps. 

The  foregoing  is  true  for  a  suspensimi 
system  with  ideal  linear  elasticity.  Such  a 
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Fig.  2  -  Maximum  response  acceleration  and  relative  deflection  as  a 
function  of  system  natural  frequency  for  an  undamped  single-degree-of- 
freedom  system  subjected  to  a  step  velocity  input 


•1. 


system  has  a  load-deflection  characteristic  as 
shown  in  Fig.  3(a).  The  stillness,  or  spring 
rate  (K),  is  defined  ad  the  slope  of  the  load- 
deflection  curve  and  is  the  same  value  at  all 
deflections.  Actual  Isolators  can  be  designed 
to  have  approximately  linear  stiffness. 

Fig.  3(b)  shows  the  load-deflection  curve 
of  an  elastic  element  with  exponential  stiffness. 
For  this  element,  the  stiffness  varies  as  a 
function  of  deflection  and,  in  Fig.  3(b),  Increases 
with  deflection.  This  type  of  load-deflection 
characteristic  is  common  in  many  commer¬ 
cially  available  isolators.  In  the  extreme  case, 
the  shape  of  the  load-deflection  curve  is  like 
that  of  Fig.  3(c)  where  the  final  stiffness  (Kj)  is 
many  times  greater  than  the  initial  slope  (Kg). 

The  ability  of  an  elastic  membeV.to  store 
energy  depends  upon  the  shape,  and  is  the  inte¬ 
gral  of,  the  load-deflection  curve.  Thus,  the 
area  under  the  curve  at  any  deflection  is  equal 
to  the  stored  energy  and,  for  example,  in  the 
case  of  the  linear  element  (Fig.  3(a))  is 

^■tortd  =  1/2  Id*  (linear  elcMnt)  .  (4) 

Note  that  a  linear  element  will  store  more 
energy  for  a  given  amount  of  deflection  and  a 
given  maximum  load  than  will  elements  as 
shown  in  Figs.  3(b)  and  3(c).  Furthermore,  if 
energy  storage  was  the  only  criterion  for  an 
element  that  must  deflect,  the  "square-wave 
absorber"  shown  in  Fig.  3(d)  would  be  most 
effective  because  it  requires  a  minimum  amount 


of  deflection  to  absorb  a  given  amount  of 
energy.  It  is  twice  as  efficient  as  the  linear 
element.  Unfortunately,  it  is  not  possible  to 
design  a  practical  suspension  system  element 
with  ideal  "square-wave"  characteristics. 
However,  parts  with  load-deflection  character¬ 
istics  approximating  those  of  a  square-wave 
element  are  feasible,  but  increasingly  difficult 
to  design  as  the  "ideal"  is  approached,  see 
Fig.  3(e).  These  elements  are  commonly  called 
"buckling  mounts." 

Now  note  that  for  a  given  amount  of  energy 
storage  (area  under  the  load-deflection  curve), 
the  elements  of  Figs.  3(b)  and  3(c)  required 
much  greater  maximum  force  (Pj)  than  the 
linear  or  buckling  type  element.  Since  the 
maximum  force  in  the  elastic  element  is  di- 
'  rectly  proportional  to  the  maximum  accelera¬ 
tion  transmitted  to  the  equipment  lump  mass 
(■,),  suspension  elements  like  those  of  Figs. 
3(b)  and  3(c)  are  not  suitable  at  all  for  shock  , 
isolators  where  the  objective  is  to  minimize 
transmitted  forces  and  isolator  deflection.  It 
is  true  that  exponential  stiffness  elements  can 
be  designed  to  keep  deflections  within  any 
bounds.  But  what  a  price  is  paid  in  transmitted 
forcesi  Furthermore,  the  natural  frequencies 
of  these  elements  vary  as  they  are  deflected 
and  thus  they  pass  the  complex  shock  excitation 
at  higher  amplifications  than  linear  or  buckling 
elements. 

Another  extremely  important  consideration 
in  the  design  of  shipboard  equipment  suspension 
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STIPPNESS  CHARACTERISTICS 


Fig.  3  -  A  comparison  of  the  load-deflection  characteristics  of  various  elastic  elements 


systems  is  Installation  geometry.  This  consld* 
eratlon  cannot  be  overemphasized.  As  an  ex¬ 
ample,  Improper  system  configurations  were 
observed  In  the  majority  of  equipment  Installa¬ 
tions  aboard  a  typical  fleet  destroyer  In  a  shlp- 
by-shlp  survey  [6].  This  points  out  the  neces¬ 
sity  of  considering  Installation  geometry  as  a 
principal  factor  In  systems  design. 

For  shipboard  Installations,  where  space 
Is  almost  always  at  a  premium,  a  center-of- 
gravlty  (eg)  mounting  arrangement  should  be 
used.  This  may  be  achieved  by  using  either  of 
two  methods  (Fig.  4): 

e  The  Perfect  eg  Support  —  where  the 
Isolators  lie  In  a  plane  that  Is  parallel  to  the 
principal  geometric  axes  of  the  equipment  and 
contains  the  equipment  center  of  gravity;  or 

e  The  Diagonal  eg  Support  ^so  referred 
to  as  stabilized  base  svpp<»^)  where  the  Iso¬ 
lators  lie  in  a  plane  that  is  skew  to  the  princi¬ 
pal  geometric  axes  of  the  equipment  and  con¬ 
tains  the  equipment  center  of  gravity. 


The  advantages  of  such  an  installation  cem- 
flguration  are: 

e  Equipment  sway  space  is  reduced  to  that 
required  for  isolator  travel  because  coupled 
(rocking)  modes  of  the  equipment  are  eliminated. 

e  The  number  of  different  configurations 
(load  rating)  of  isolators  to  achieve  decoupled 
response  usually  is  minimized.  This  means 
attachment  bolt  locations  and  hole  plans  at  each 
isolator  can  probably  be  the  same. 

e  Axial  and  radial  Isolator  stiffness  char¬ 
acteristics  can  be  the  same  for  units  that  have 
an  approximately  symmetrical  center-of- 
gravity  locatlcm.  This  has  had  the  added  advan¬ 
tage  of  allowing  flexibility  In  selecting  the  nor¬ 
mal  attitude  or  position  of  isolators  at  each 
locaticm. 

e  Response  acceleration  levels  at  each 
point  of  attachment  cm  the  equipment  will  be 
approximately  the  same  because  rotational 
m^es  due  to  translation  Inputs  have  been 
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I 

^  Fig.  4  -  Recommended  suspension  system  geometry  (schematic) 

4  for  shipboard  equipment  installations 


I  eliminated.  This  simplifies  the  loading  consid¬ 
erations  in  equipment  mechanical  design. 

f 

I  s  Various  equipments  may  be  mounted  on 

^  a  common  frame  and  this  "lump-system"  sup- 
I  ported  on  suitable  isolators.  This  allows  a 
i  "modular"  packaging  approach  which  may  be 
>  very  effective  in  utilizing  space. 

;  Another  very  important  consideration  in 

1  the  installation  of  such  systems  is  the  stiffness 
of  supporting  and  equipment  structures.  The 
;  structural  stiffness  should  be  at  least  five 
times  the  stiffness  of  the  suspension  system. 


For  example,  consider  the  simple  system 
(Fig.  5).  If  the  mounted  equipment  (m,)  on  its 
suspension  system  (K,)  has  a  natural  frequency 
of  15  cps  and  the  independent  stiffness  of  the 


Maaa  effect  of 
a  u  p  p  o  r  t  not 
conaidered. 


support  K|,  is  only  twice  that  of  the  system,  K,, 
that  is 


and 


(5) 


Kb  =  2K,.  (6) 


then  the  series  stiffness  combination  of  siqiport 
K,,  and  K,  is 


K.  Kb 
K.  +  Ku 


(7) 


Put  another  way,  the  effect  of  the  series  stiff' 
ness  combination  on  the  system  natural  fre¬ 
quency  (Eq.  (5))  is  to  reduce  the  natural 
frequency. 


fn(c.-b)  =3/3  f„  =  12  cpa  . 

Thus,  system  natural  frequency  has  been  re¬ 
duced  20  percent  because  of  a  relative)^  "soft" 
supporting  structure.  If  the  ratio  Kt/K,  had,  in 
comparison,  been  the  recmnmended  minimum 
of  5,  then 


Fig.  5  ~  Simple  ayatem  and  aupport 


^nfcoab)  =  14  cpa  . 
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or  a  change  of  only  6.7  percent.  Furthermore, 
deflection  of  the  supporting  structure  under 
hi^  levels  of  dynamic  loading  would  only  be 
2/5  that  of  the  system  in  which  =  2K, . 

A  good  general  design  practice  is  to  attach 
mountings  to  foundations  or  structural  stiff¬ 
eners  rather  than  to  panels,  bulkheads,  or 
decks  [7]. 

The  foregoing  comments  summarize  the 
principal  factors  to  be  considered  when  plan¬ 
ning  suspension  system  installations.  This 
subject  is  covered  in  great  depth  in  chapters  1, 
2,  and  3  of  Ref.  8. 

SUMMARY  OF  SUSPENSION 
CHARACTERISTICS 

It  can  therefore  be  concluded  that  an  effec¬ 
tive  shipboard  shock  isolation  system  will  have 
the  following  characteristics; 

e  Linear  or  buckling  stiffness  with  suffi¬ 
cient  travel  to  accommo^te  the  deflection  re¬ 
quired  for  shock  protection  as  Indicated  in 
Fig.  1; 

e  Linear  deflection  only  up  to  the  maxi¬ 
mum  required  for  static  load  (if  applicable  de¬ 
pending  on  direction  of  static  load)  plus  vibra¬ 
tory  excursions; 

e  Gradual  snubbing  for  excursicms  beyond 
those  anticipated  due  to  shock,  with  no  hard  or 
uncushioned  bottoming  permissible;  and 


e  Captive  assembly  incorporated  into  the 
isolator  assembly  or  used  separately  in  paral¬ 
lel  with  the  Isolator.  Not  to  take  effect  except 
at  excursions  equal  to  or  gpreater  than  the  max¬ 
imum  anticipated  during  shock. 

System  damping  of  practical  magnitudes 
has  only  a  slight  influence  on  shock  response. 
If,  however,  vibration  requirements  indicate  it 
is  necessary,  it  should  be  incorporated  into  the 
system  elements  for  that  purpose. 

Figure  6  shows  the  stiffness  characteris¬ 
tics  of  isolators  suitable  for  shipboard  elec¬ 
tronics  equipment  suspensions.  All  useable 
designs  will  have  characteristics  within  the 
upper  and  lower  boundaries.  Definiticms  of  the 
quantities  are  as  follows: 

*  'Fb®  maximum  deflection  of  a  lin¬ 
ear  Isolator.  It  is  determined 
from  Fig.  2  by  establishing  the 
system  natural  frequency  and  then 
finding  the  shock  deflection.  Add 
1/8  inch  minimum  to  this  shock 
deflection  to  allow  for  gradual 
snubbing. 

*  'Fhe  minimum  possible  deflection 
of  a  practical  buckling  isolator, 
dy  B  equals  approximately  2/3 


■^s.L.  ~  Isolator  deflection  of  static  load, 
dg  L.  =  inches. 


Fig.  6  -  General  characteristics  of  an  effective  shipboard 
electronics  suspension  system  isolator 
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‘‘v.L.  ’  The  linear  deflection  required  for 
vibration  conditions.  It  nuty  Include 
an  allowance  for  static  deflection 
depending  iqpon  Isolator  orientatioi. 

-  Maximum  force  transmitted  to 
support  equipment  attachment 
points  under  shock  conditions. 

Pg  I,  -  Static  load 

A„  g  -  Maximum  response  acceleration 
determined  from  Fig.  2. 


PROTECTING  A  SHIPBOARD 
INERTIAL  PLATFORM 

An  inertial  platform  was  intended  for  use 
aboard  naval  vessels.  To  meet  naval  require¬ 
ments  however  the  platform  had  to  be  subjected 
to  high  impact  shock  testing  In  accordance  with 
MIL-S-SOIB.  The  fragility  limit  of  the  unit 
was  established  as  IS-g  maximum  acceleration. 
That  is,  accelerations  in  excess  of  this  value 
would  cause  equipment  malfunction. 

Shock  inputs  from  the  Navy  Hi-Impact 
Shock  Machine  for  lightweight  equipment  vary 
from  100  to  1000  g,  depending  on  the  frequency 
spectrum  considered.  Obviously,  the  inertial 
platform,  if  hard  mounted,  could  not  survive 
such  shodc  inputs. 

In  addition  to  the  shock  requirements,  the 
unit  had  to  be  subjected  to  vibration  tests  in 
accordance  with  MIL-STD-167  (Ships).  For 
this  requirement,  platform-servo  natural  fre¬ 
quencies  dictated  a  suspension  system  natural 
frequency  of  less  than  8  cps.  This  worked  out 
very  nicely  with  the  system  natural  frequency 
required  to  meet  the  shock  requirements. 

A  simple  system  analysis  of  this  problem, 
using  the  methods  outlined  earlier  in  ttis 
paper,  indicated  that  a  system  natural  fre¬ 
quency  of  approximately  7  cps,  or  less,  would 
be  required  to  attenuate  the  Hl-Impact  Shock 
Test  input  to  a  nuudmum  platform  acceleration 
of  15  g  or  less  (Fig.  2).  b  addition,  for  a  lin¬ 
ear  system  the  respcmse  deflection  had  to  be  at 
least  3  inches. 

Another  system  requirement  was  that  the 
angular  position  of  the  inertial  platform  rela¬ 
tive  to  the  ship's  supporting  structure,  be 
maintained  within  1  minute  of  arc  during  vibra¬ 
tion  and  after  subjection  to  shock.  This  re¬ 
quirement  arose  from  the  fact  that  the  inertial 
platform  is  used  as  a  directional  reference  and 


that  the  angular  alignment  relative  to  the  ship's 
structure  must  be  maintained  if  the  equipment 
is  to  be  effective.  Such  a  requirement  might 
indicate  that  "hard  mounting"  is  the  only  solu¬ 
tion  to  maintain  such  angular  positional  toler¬ 
ance.  However,  the  fragility  limit  of  15-g  max¬ 
imum  acceleration  could  not  be  Ignored. 

A  suspension  system  was  devised  to  sat¬ 
isfy  all  of  these  requirements.  In  general,  it 
closely  resembles  the  simple  system  examined 
earlier  in  this  report;  the  characteristics  rec¬ 
ommended  in  this  article  were  incorporated  in 
its  design.  Figure  7  shows  the  suspension  sys¬ 
tem  completely  assembled  with  the  platform 
installed. 

The  platform  is  supported  by  a  cradle 
assembly  fabricated  from  aluminum  castings. 
Chrome-plated  hardened-steel  tubes  pass 
through  bearing  housings  at  the  ends  of  the 
cradle  and  allow  vertical  translation  only  of  the 
platform  and  cradle  relative  to  the  sui^rting 
structure.  A  similar  tube-bearing  arrange¬ 
ment  is  provided  for  lateral  and  longitudinal 
translational  freedom.  These  "gimbal"  stages 
maintain  true  rectilinear  motion,  provide  high 
angular  restraint,  and  still  allow  the  system  to 
deflect  the  3  inches  minimum  required  for  at¬ 
tenuation  of  shock  inputs.  Natural  frequency  of 
each  gimbal  stage  of  the  system  from  the 
"outside-in"  was  5,  6,  and  8  cps.  Helical 
springs  between  numbers  having  relative  mo¬ 
tion  in  each  gimbal  stage  provide  the  required 
system  linear  elastic  characteristics,  ^ep 
friction  dampers  incorporated  into  the  bearing 
housings  at  the  various  gimbal  support  points 
keep  resonant  vibration  transmissMlity  within 
reasonable  limits  without  degrading  isolation  of 
exciting  frequencies  above  11  cps.  Recirculat¬ 
ing  ball  bushings  incorporated  into  each  of  the 
gimbal  siq>port  points  and  adjusted  to  eliminate 
all  mechanical  backlash  provide  virtually  fric¬ 
tionless  guidance  and  translational  freedom. 

Gimbal  stages  are  supported  by  a  double 
"A"  frame  fabricated  from  aluminum  tubing. 
This  frame,  in  turn,  is  secured  to  a  hollow  cir¬ 
cular  base  which  has  very  high  rigidity  although 
it  is  light  in  weight.  Welding  is  used  throughout 
to  fasten  together  the  supporting  structural 
members. 

A  simple  system  of  cables  and  pulleys 
act  as  a  rl^  structure  between  the  upper  and 
lower  crossover  fittings  (Fig.  7).  This  ar¬ 
rangement  is  necessary  to  eliminate  relative 
motion  between  these  members.  The  complete 
assembly  with  dust  cover  is  25  inches  in  diam¬ 
eter  by  30  inches  hi^. 
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Fig.  7  -  Inertial  platform  isolation  system  with  platform  installed 


Note  that  a  minimum  amount  of  space  has 
been  used  for  supporting  structure  although 
structural  members  must  be  extremely  rigid  to 
withstand  the  high  Intensity  shock  inputs  to 
which  they  must  be  subjected.  The  complete 
unit  with  an  inertial  platform  dummy  lo^  and 
dust  cover  installed  is  shown  in  Fig.  8.  Note 
that  an  access  panel  has  been  provided  at  each 
end  of  the  dust  cover.  These  panels  allow  lon¬ 
gitudinal  motion  of  the  inner  glmbal  assembly. 
Under  shock  conditions,  the  platform,  its  sup¬ 
port  cradle,  and  the  inner  gimbal  may  deflect 
up  to  4-1/2  inches  in  the  lore  and  alt  direction. 
This  action  pushes  the  access  panels  away 
from  the  duk  cover  thereby  allowing  the  trans¬ 
lational  freedom  required  to  attenuate  shock. 
The  panels  follow  the  motion  of  the  gimbal  and 
are  returned  to  their  original  positions  by  elas¬ 
tic  restraining  cords  after  the  shock  is  over. 
Such  a  feature  minimizes  the  overall  size  of 
the  installed  assembly. 

At  first  glance,  it  nuiy  seem  that  this  sys¬ 
tem  is  complex;  however,  it  should  be  kept  in 
mind  that  it  must; 


e  Attenuate  the  Navy  Hi-Impact  Shock 
Test  accelerations  from  100  - 1000  g  to  IS-g 
maximum, 

e  Provide  protection  from  MlL-STD-167 
(Ships)  vibration  inputs  and  have  a  natural  fre¬ 
quency  of  approximately  8-cps  maximum,  and 

e  Maintain  angular  alignment  of  the  iner¬ 
tial  platform  relative  to  the  ship’s  supporting 
structure  within  1  minute  of  arc  during  vibra¬ 
tion  and  after  shock.  (For  comparlsmi  pur¬ 
poses,  1  minute  of  arc  represents  0.0003  inch 
per  inch  deviation.) 

TEST  RESULTS 

A  prototype  system  was  constructed  and 
tested  in  accordance  with  the  requirements  of 
MIL-S-901B  for  lightweight  equipment.  A  typi¬ 
cal  test  installation  is  shown  in  Fig.  9.  The 
test  requires  shock  Inputs  in  all  three  coordi¬ 
nate  directions  of  the  suqwnsion  system.  Cal¬ 
culated  and  actual  test  results  are  shown  in 
Table  1  for  comparison  purposes. 
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Fig.  8  -  Inertial  platform  isolation  system 
with  dust  cover  installed  and  aft  access 
panel  removed 


TABLE  1 


Fig.  9 -Inertial  platform  suspension  sys¬ 
tem  installed  on  High-Impact  Shock  Test¬ 
ing  Machine  for  lightweight  equipment 
and  oriented  for  a  side  blow 


Summary  of  Calculated  and  Measured 
Shock  Response  of  Inertial  Platform 
Suspension  System  49] 


Direction 
of  Shock 
Impact 

Hammer 

Height 

(ft) 

Measured 
Peak  Re¬ 
sponse^ 
Acceler¬ 
ation  (g) 

Calculated 
Peak  Re- 
spmse^ 
Acceler¬ 
ation 

Vertical 

Blow 

1 

0.5 

6.2 

Vertical 

Blow 

3 

2.7 

10.2 

Vertical 

Blow 

5 

5.1 

12.5 

Side  Blow 

1 

1.7 

6.9 

Side  Blow 

3 

4.8 

11.7 

Side  Blow 

5 

11.7 

Back  Blow 

1 

7.0 

Back  Blow 

3 

10.6 

Back  Blow 

5 

10.6 

12.7 

Response  acceleration  measured  on  dummy 
inertial  platform. 

^Calculated  response  using  Eq.  (1)  and  sys¬ 
tem  natural  frequencies  of  s  8  cps, 

^nLat(Sldt)  *  *  Lon|  (Back)  ~  ^ 

and  step  velocity  input  data  as  presented  in 
Ref.  1,  pages 


Note  that  the  suspensltm  system  provided 
the  required  protection  for  the  inertial  plat¬ 
form  by  a  reasonable  margin.  The  difference 
between  measured  and  calculated  values  of  ac¬ 
celeration  may  be  accounted  for  by  the  fact  that 
the  test  machine  was  used  at  maximum  load 
capacity  thereby  reducing  the  intensity  of  the 
test  input  to  less  than  the  values  used  in  the 
calculations.  Actual  test  Inputs  were  not  meas¬ 
ured,  although  mockup  response  was.  The 
oscilloscope  trace  for  the  5 -foot  vertical  blow 
is  shown  in  Fig.  10. 

Vibration  tests  in  accordance  with  MIL- 
STD-167  indicate  that  the  system  does  indeed 
have  natural  frequencies  in  the  three  coordi¬ 
nate  directions  of  5,  6,  and  8  cps.  As  can  be 
seen  by  examining  the  transmissibility  curves 
in  Fig.  11,  damping  was  sufficient  to  limit  res¬ 
onant  transmissibility  to  2  or  less. 


SUMMARY 

The  fundamental  aspects  of  the  problem  of 
determining  shock  isolation  system  character¬ 
istics  for  sh^iboard  equipment  have  be«i  cov¬ 
ered  in  detail.  A  desi^  philosophy  for  such 
isolation  systems  has  been  prfqms^  and  its 
value  proved  by  the  application  reviewed. 


It  is  entirely  possible  to  design  isolatimi 
systems  to  meet  stringent  shock  attenuation 
requirements.  To  do  this,  however,  sufficient 
system  deflection  must  be  allowed  and  can  be 
justified  if  the  shock  isolation  problem  is  con¬ 
sidered  from  the  beginning  of  equipment  design. 
The  excellent  references  listed  at  the  end  of 


this  paper  should  be  consulted  to  examine  the 
subject  in  more  depth.  They  represent  the 
combined  efforts  and  experiences  of  qualified 
experts  in  this  field  of  study.  A  wealth  of  re¬ 
lated  information  will  be  obtained  from  them  by 
the  interested  reader. 


Fig.  10  -  Oscilloscope  trace  of  acceleration 
transmitted  to  isolated  inertial  platform  mockup. 
Vertical  Blow  -  Five  feet  (No.  1).  Horizontal 
sweep  -  50  ms/division;  vertical  gain  -  100  mv/ 
division;  calibration  -91.5  mv/g,  and  accelera¬ 
tion  level  -  5.0  g. 


Fig.  11  -  Vibration  response  of  inertial  platform  isolation 
system  to  MIL-STD-167  (Ships)  inputs 
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USE  OF  THE  ANALOG  COMPUTER  TO  STUDY 
CUSHION  CHARACTERISTICS  AND  PACKAGE  DESIGN* 

W.  E.  Schmidt,  III 
Air  Force  Packaging  Laboratory 
Brookley  Air  Force  Base 
Mobile,  Alabama 


This  paper  describes  the  force  analyzer  and  the  analog  computer  which 
have  been  designed  specifically  for  package  and  cushion  analysis. 


INTRODUCTION 

The  Air  Force  Packaging  Laboratory  lo¬ 
cated  at  Brookley  Air  Force  Base,  Mobile,  Ala¬ 
bama,  has  capabilities  for  testing,  analyzing, 
and  performing  research  relating  to  packaging 
design.  The  Laboratory  is  also  equipped  to  test 
materials  for  mechanical  characteristics  as 
well  as  quantitative  and  qualitative  composition. 
The  Laboratory  is  equipped  to  simulate  envi¬ 
ronmental  conditions  as  they  exist  throughout 
the  world.  Some  space  environments  also  may 
be  d\q>licated. 

This  psq>er  deals  specifically  with  the  force 
analyzer  and  the  analog  computer,  which  to¬ 
gether  constitute  an  elaborate  electronic  instal¬ 
lation  designed  eqwcially  for  package  and  cush¬ 
ion  analyses.  This  installation  is  housed  in  a 
centrally-located,  environ*.ientally-controlled 
room  and  is  the  receiving  point  for  signals  from 
all  apparatus  located  throughout  the  laboratory. 
The  analyzer  console  houses  a  bank  of  48  Phil- 
brick  anqilifiers,  each  multiplying  the  incoming 
signal  by  a  factor  of  10.  Since  these  multipliers 
are  between  the  apparatus  iiq>ut  and  the  recorder 
liq)ut,  compensation  for  line  loss  can  be  made. 
The  Philbrick  amplifiers  have  a  differential 
csq>ability,  that  is,  they  tend  to  cancel  out  all 
extraneous  signals  other  than  the  desired  data 
signal,  which  in  most  cases  comes  from  an  ac¬ 
celerometer  set.  The  anq)lified  data  may  then 
be  directed  to  a  memoscope,  an  6-channel  re¬ 
corder,  a  tiq>e  record,  a  two  channel  x,  y  re¬ 
corder,  or  the  analog  cong>uter.  Visual  obser¬ 
vation  of  a  process  is  monitored  by  closed 
circuit  television  (Fig.  1). 


*Thi8  paper  was  not  presented  at  the  Symposium. 


The  computer  used  for  design  analyses 
(Fig.  2)  has  the  following  features: 

s  32  amplifiers  (30  computing  and  2  aux¬ 
iliary) 

•  60  coefficient  helipots 

e  18  helipots  which  set  initial  conditions 

•  6  function  generators 

e  rotary  commutator-to-scan  amplifiers, 
for  determining  out  of  balance  condition 

e  VTVM  readout 

•  X,  y,  Yj  recorder 

•  AMP  shielded  patchboard  with  color 
coding. 


PROJECT 

It  appears;  from  analysis  of  past  data  on 
package  drops  and  dynamic  drop  tests  of  cush¬ 
ioning  materials,  that  a  damping  coefficient 
(viscous  damping,  usually  denoted  as  r)  and  a 
stiffness  coefficient  (usually  denoted  as  K) 
would  be  sufficient  to  describe  a  given  cushion¬ 
ing  material.  The  forces  acting  on  a  sinq)le 
cushion  system  are  shown  in  Fig.  3.  The  gen¬ 
eral  equation  of  motion  for  a  cushioned  article 
may  be  written  as: 


^  +  Fj  +  F.  +  mg 


0  , 
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Fig.  1  -  Force  analyzer  console,  television  monitor,  and  tape  recorder 


Fig.  2  -  Analog 
computer 


Fig.  3  -  Forces  acting  on  a  simple  cushion  system 


where 

m  >  mass  of  article, 

^-4-  ■  instantaneous  de-acceleration, 

dt^ 

g  ■  acceleration  due  to  gravity, 

Fj  ■  force  due  to  damping  of  cushion,  and 


supported  mass  (m),  the  bearing  area  (A),  and 
thidmess  (t)  of  the  cushion.  We  don't  know 
these  relationships  yet,  and  no  doubt  other  vari¬ 
ables  will  enter  into  a  practical  package  design, 
factors  such  as  a  compressed  cushion  inside  an 
outer  container,  temperature  pressure,  humid¬ 
ity,  and  so  on.  For  simplicity,  the  latter  vari¬ 
ables  will  be  omitted.  If  the  stated  relationships 
between  n.  A,  t,  can  be  found  and  substantiated, 
there  is  no  doubt  they  would  be  of  great  benefit 
to  the  field  of  packaging. 


F,  «  force  due  to  stiffness  of  cushion. 
Initial  condition  at  c  =  0,  x  =  0; 

^=0. 

will  have  the  form  R  (dx/dt),  F,  will  be 


F.  -  —F-  h: 


or 


F,  =  Kq  *  • 


where 

Kq  ■  initial  spring  ratp, 

d|,  ■  maximum  available  diqilacement, 

r  ■  rate  of  increase  or  decrease  of 
qprlng  rate. 

The  equations  for  F,  are  characteristic  ol 
most  cushion  materials  and  were  taken  from 
R.  D.  Mindlln’s  paper  "Dynamics  of  Package 
Cushioning"  (Fig.  4).  The  project  of  obtaining 
R  and  K  for  all  steward  cushitm  materials  will 
begin  in  this  Laboratory  in  the  near  future  and 
wlU  be  based  on  the  following  theory:  K  and  R 
lor  a  given  cushion  material  are  functions  of  the 


liet  us  assume  that  for  a  given  cushion 
material,  say  rubberized  hair,  the  relationships 
shown  in  Fig.  Sa  have  been  found  empirically 
(these  curves  are  purely  hypothetical).  The 
package  engineer  desiring  to  protect  an  item  of 
given  mass  to  a  given  g  value  could  examine 
the  curve  corresponding  closely  to  the  mass 
and  quickly  note  the  stiffness  (K)  of  cushion 
required  to  give  this  g  value.  He  could  then 
examine  Fig.  5b  to  find  the  bearing  area  and 
thickness  required  to  give  the  required  K  factor. 
This  curve  is  for  one  cushim  material.  Per¬ 
haps  the  curve  for  a  similar  cushion  material 
would  give  a  more  desirable  thickness  and  bear¬ 
ing  area  for  the  required  K  factor.  An  exami¬ 
nation  of  the  curve  in  Fig.  5c  reveals  that  for  a 
given  mass  and  stiffness  the  system  will  have  a 
given  danq>ing  coefficient.  By  using  the  equa¬ 
tion  in  Fig.  5c,  calculations  nuiy  be  made  to 
find  the  natural  frequency  of  the  system.  In 
practice,  the  data  will  be  in  table  form  rather 
than  graphic  form.  The  advantage  in  using  a 
system  such  as  this  is  that  the  Information  is 
all  together  in  simple  form.  It  contains  all  the 
technical  information  needed  to  design  the  cush¬ 
ioning  system  and  package  dimenMons.  It  pro¬ 
vides  a  method  to  calculi^  natural  frequency 
and  damping  effects.  To  the  best  of  our  knowl¬ 
edge  no  data  has  been  puldlshed  on  the  latter. 

The  method  to  be  used  to  find  R  and  K  val¬ 
ues  will  be  as  follows.  The  elevator  of  a  dy¬ 
namic  drop  tester  will  be  lifted  to  a  height  of 
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Fig.  4  -  Mindlin's  curves 


30  inches  and  drq^iped  on  a  given  cushion.  Out¬ 
put  from  an  accelerometer  mounted  (mi  the  drop 
head  will  be  amplified  and  recorded  on  tape. 

The  tape  ouhDut  will  then  be  played  back  (repeat¬ 
edly)  through  the  computer  for  analysis  as  dis¬ 
cussed  later.  The  general  equation: 

m^+R^  +  (KoX  +  TX^)  +  mg  =  0  . 

will  be  set  vqi  on  the  computer  (Fig.  6).  The 
curve  for  acceleration  will  come  out  of  the 
computer  at  a  r^etitive  rate.  The  repeating 
tiq)e  will  then  be  synchronized  with  the  computer. 


The  computer  curve  will  be  compared  with  the 
data  curve  within  a  summing  amplifier.  We 
may  now  vary  R  and  K  on  the  conq>uter  until 
the  two  curves  are  identical.  At  this  point  cme 
signal  nulls  the  other  and  no  signal  is  viewed 
on  the  oscilloscope,  r  and  K  may  now  be  read 
directly  from  the  helipot  dials  (Fig.  7).  Curves 
similar  to  those  of  Fig.  5  will  then  be  plotted 
by  finding  the  R  and  K  values  for  different  drqp 
heads,  masses,  cushion  areas,  and  thicknesses. 

In  the  computer  we  have  the  capability  to 
analyze  a  complete  package  design  by  setl^ 
vq>  the  desired  desi^  parameters  on  computer 


Fig.  5  •  Procedure  for  selecting  a  package  cushioning  system 


260 


hellpoti.  That  la,  mce  «•  hava  found  bow  s 
and  K  vary  with  mass  of  inner  article,  bearing 
area,  and  thldmess  of  cttdilon,we  may  deserite 
a  package  of  given  material  by  its  dimensions. 
The  design  may  then  be  subjected  to  any  envi¬ 
ronmental  condition  also  created  within  the 
convuter  by  the  function  gmerators.  Voids  as 
well  as  blocking  and  bracing  also  may  be  simu¬ 
lated  in  the  function  generators. 

In  the  computer,  con^tonent  motions  as 
well  as  the  resultants  can  be  investigated  for 
both  the  inner  and  outer  container  simultane¬ 
ously.  Figure  7  shows  the  designation  of  vari¬ 
ables  and  parameters  for  a  package  with  six 
degrees  of  freedom;  three  degrees  for  the  inner 
package  (xj,  y^,  and  ij)  and  three  for  the 
outer  package  (x„  y,,  and  x,). 


The  equations  of  motion  then  take  the  outer 
container  and  its  characteristics  into  consider¬ 
ation  (Aiqpendix  A). 

Figure  8  is  a  block  diagram  of  the 
y-compcment  computer  circuits  for  a  six-degree 
package  system. 

Since  our  equipment  has  just  been  com¬ 
pleted,  we  have  been  unable  to  obtain  data.  The 
project  of  determining  cushicming  characteris¬ 
tics  and  package  design  partuneters  will  be  built 
partially  around  the  theories  included  in  this 
paper.  There  are  many  points  that  will  need 
justification  and,  with  a  view  toward  sophistica¬ 
tion,  more  variables  must  be  taken  into  account 
in  the  processes. 


Fig.  8  -  Y-component  computer  circuits 
for  a  6-degree  package  system 
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Appoidlx  A 

EQUATKWS  OF  MOTION  FOR  PACKAGED  ITEM  IN  C(»(TA1NER 


Fig.  A1  •  Schematic  of  packaged  article, 
designation  of  variables  and  parameters 


NOTATION 

g  ■  acceleratiaii  due  to  gravity 
h  a  drop  height 
b  the  simple  case  (Fig.  Al), 


/3  =  90’ 

7=0° 

for  flat  drop. 


EQUATIONS  FOR  INNER 
CONTAINER  (FIG.  Al) 


+  K3I,  +  =  0. 


263 


6 


EQUATIONS  FOR  OUTER 
CONTAINER  (FIG.  Al) 


(»i  +  "2)  +  "i  +  Rb  -ar 


dt* 


+  RbVa  +  rbVj  +  ™«  =  ®- 


Initial  conditions  at  t  =  0 


1 

d^Xj  d*y,  d*yj 

d^2  d^X|  dx} 

dt» 

'  dt^  '  dt^  '  dt’’ 

! 

d»x. 

d^t]  dxj  dX] 

+  K.X2+  r.x/=  0. 

II 

^  dt^  *  ^ 

' 

dll 

di2 

d*yj  d*yi  dyj 

=  ST 

=  dT  ^  ^  " 

or 


djt  J  ^^2  yx  I 

dT  = 


d^ij  ****1  ***2 

("i  +  *2)  ^  +  "I dT 


^  =  .in«. 

.i»r 

for  comer  drop. 
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ANALYTICAL  CONSIDERATIONS  IN  THE  DESIGN 
OF  A  POLYURETHANE  FOAM  SHOCK  MOUNT  FOR  POLARIS* 


W.  A.  Vol* 

Wotinghouse  Electric  Corporation 
Sunnyvale,  California 


Thie  paper  discuesee  pertinent  aapecte  of  designing  a  polyurethane  foam 
shock  mount  and  presents  a  mathematical  model  to  simulate  the  moi^nt's 
dynamic  performance. 


I 


INTRODUCTION 

The  application  of  a  flexible,  foam  material 
to  the  Isolation  of  an  item  as  massive  as  the 
POLARIS  Missile  required  design  approaches 
not  covered  by  current  literature  on  packaging. 
Most  such  literature  delves  into  efficiency  or 
cushion-factor  theory,  or  material  classifica¬ 
tion  according  to  the  maximum  acceleration  ob¬ 
tained  under  drop  test  conditions.  Since  the 
shipboard  shock  environment  specified  for  de¬ 
sign  is  quite  different  than  a  drop  test,  and  since 
maximum  acceleration  is  not  entirely  indicative 
of  satisfactory  shock  mount  performance,  more 
specialized  tests  and  analytical  tools  had  to  be 
developed  for  packaging  the  POLARIS. 

One  of  the  primary  design  tools,  which  had 
to  be  developed,  was  a  mathematical  representa¬ 
tion  to  simulate  foam  dynamic  behavior.  This 
mathematical  model  was  used  to  obtain  system 
response  via  complex  computer  programing  and, 
therefore,  had  to  describe  the  non-linearity  and 
rate  sensitivity  inherent  in  the  foam.  This  p^r 
shows  how  the  foam  characteristics  were  incor¬ 
porated  in  the  model  and  how  these  properties 
affected  the  shock  mount  design. 


MECHANICS  OF  FLEXIBLE  FOAM 

An  understanding  of  the  mechanics  contri¬ 
buting  to  the  stress-strain  behavior  of  foam  is 
an  important  factor  in  designing  with  this  rela¬ 
tively  new  material.  The  type  of  foam  discus¬ 
sed  in  this  piqier  may  be  described  as  an  open 
cell,  low  density  (4  Ib/cu  ft),  flexible 


*This  paper  waa  not  presented  at  the  Symposium. 


polyurethane  foam.  Its  microstructure  is  a  geo¬ 
metric  arrangement  of  inter-connected  ligaments 
with  thin  membranes  stretched  across  the  liga¬ 
ments  to  form  cells.  In  such  an  open  cell  foam 
most  of  the  membranes  are  ruptured  allowing 
flow  of  air  through  the  structure. 


The  typical  non-linear,  static,  compression- 
deflection  characteristics  al  this  foam  (Fig.  1) 
are  the  result  of  elastic  buckling  of  the  ligament 
structure.  The  initial  compressive  modulus  is 
related  hrthe  elastic  deformation  of  the  struc¬ 
ture  before  buckling,  and  the  plateau  is  where 
massive  buckling  of  the  cell  structure  is  in  ef¬ 
fect.  The  bottoming  phase  occurs  when  the  liga¬ 
ments  finally  pack  down  on  top  of  each  other. 

Shear  and  tensile  properties  of  foam  (also 
shown  in  Fig.  1)  are  essentially  linear,  inAcating 
that  massive  buckling  at  the  structure  is  not  a 
*dominating  phenomenon  in  these  modes  of  de¬ 
formation.  The  shear  and  tensile  properties  are 
of  interest  in  cases  where  a  tensile  bond  is  main¬ 
tained  at  the  foam  boundaries,  but  as  a  rule,  the 
nonlinear  compression  properties  are  of  main 
concern  in  most  packaging  sqipllcations.  There¬ 
fore,  only  couipression  properties  will  be  dis¬ 
cussed  henceforth. 


In  the  design  of  a  shock  mount,  the  dynamic 
or  high  strain  rate  properties  of  the  material 
are  of  the  utmost  importance.  Rate  sensitivity 
of  a  foamed  elastomer  is  very  pronounced  and 
is  the  resultant  of  two  effects.  One  is  the  visco¬ 
elastic  rate  sensitivity  of  the  parent  elastomer, 
and  the  other  is  the  pseudo-viscoelastic  effect 
of  air  compression  within  the  cell  structure. 


I 

I 
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Fig,  1  -  Typical  atress-strain  properties  of 
polyurethane  foam 


Under  impact  or  high  strain  rates  the  parent 
elastomer  becomes  stlffer  (as  is  the  case  lor 
most  such  viscoelastic  substances),  and  a  higbe^ 
plateau  or  buckling  stress  is  produced.  At  the 
same  time,  air  in  the  foam  is  compressed  and 
forced  out  through  the  many  passageways  in  the 
structure.  Due  to  the  oriflcing  effect  of  the  cells 
a  pressure  bulldiq)  occurs  in  the  foam  and  a  re¬ 
latively  high  dynamic  force  is  generated.  This 
pseudoviscoelastic  effect  due  to  air  compres¬ 
sion  is  largely  ctependent  on  size  and  configura¬ 
tion  of  the  foam  package  and  can  be  the  domina¬ 
ting  effect  at  strains  over  20  percent,  under 
dynamic  or  high  strain  rate  conditions. 

It  is  helpful  to  know  the  relative  contribu¬ 
tions  of  the  elastomer  viscoelasticity  and  the 
air  compression  effect  under  dynamic  conditions. 
One  method  for  determining  this  is  by  the  use  of 
time-temperature  superposition.  It  has  been 


shown  that  data  analysis  techniques  described 
in  work  by  Williams,  Landel;  and  Ferry  t  can 
be  used  to  interrelate  stress-strain  measure¬ 
ments  as  functimu  of  time  (rate)  and  tempera¬ 
ture.  In  other  words,  with  the  proper  time- 
temperature  correlation,  an  equivalent  high  rate 
stress-strain  curve  (with  air  effect  excluded) 
can  be  obtained  by  making  a  static  or  low  rate 
test  at  a  given  low  temperature.  Figure  2 
shows  the  "static"  stress-strain  characteristics 
of  a  foam  at  O^F.  According  to  the  time- 
temperature  correlation,  this  temperature  is 
equivalent  to  a  strain  rate  of  12  fps.  A  typical 
dynamic  curve  obtained  from  drop  test  data  is 
included  in  the  figure.  The  difference  between 
these  two  curves  is  the  air  compression  effect. 


IWilliams,  M.  L.,  Landel,  R.  F.,  and  Ferry,  J. 
D.,  J.  Am.  Chem.  Soc.  77,  3701  (1955), 
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Fig.  2  •  Dynamic  properties  of  foam 


SHOCK  MOUNT  DESIGN 

In  the  POLARIS  ayetem,  an  annular  space 
surrounding  the  missile  eras  provided  for  the 
lateral  shock  mount.  Design  of  a  foam  motmt 
for  this  configuration  was  found  to  be  influenced 
primarily  by  the  air  compression  effect  as  dis¬ 
cussed  in  the  preceeding  section.  This  was  due 
to  the  large  area  of  the  packaging  surface  and 
the  severity  of  the  specified  shock  velocities. 

An  important  tool  in  the  development  of  the 
foam  mount  was  a  prototype-sized  shock  test 
apparatus  which  provided  realistic  design  in¬ 
formation  and  verification  of  basic  predictions 
and  assumptions.  This  apparatus,  called  the 
Partial  Full  Scale  Test  Machine  (PFSTM),  is  a 
drop-test  machine  scaled  to  represent  a  vertical 
secticm  of  the  missile  and  shock  system.  The 
essential  features  of  the  machine  are  shown  in 
Fig.  3. 


Shock  mount  performance  is  evaluated  ac¬ 
cording  to  the  dynamic  force-displacement 
characteristics  obtained  from  this  test.  Typical 
responses  are  shown  in  Fig.  4.  Curve  A  is  the 
response  for  a  continuous  foam  package  around 
the  diameter  of  the.  missile.  This  is  referred 
to  as  an  unventilated  configuration.  Curve  B 
shows  the  effect  of  cutting  slots  or  air  chambers 
around  the  diameter  to  promote  free  flow  of  air 
out  of  the  foam.  This  configuration  is  described 
as  ventilated.  These  comparisons  illustrate  the 
importance  of  configuration  and  the  air  compres¬ 
sion  effect. 

In  order  to  control  the  air  compression  ef¬ 
fect  more  closely,  and  to  increase  the  static 
stiffness  of  the  mount,  a  three-segment  air  bag 
configuration  was  developed.  In  this  configiu'a- 
tlon,  the  foam  is  split  into  three  120-degree 
segments  per  tier  (Fig.  5)  and  covered  with 
air-tight  bags.  Displacement  of  the  missile 
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Fig.  3  •  Partial  full  scale  teat  machine  (PFSTM) 


builds  up  air  pressure  in  the  bags  such  that  the 
static  characteristics  of  the  system  are  stiffened 
and  more  closely  igniFoach  the  dynamic  charac¬ 
teristics.  Also  the  air-bag  configuration  tends 
to  regulatrthe  air  compression  effect  in  the 
foam  such  that  small  changes  in  ventilation  due 
to  manufacturing  tolerances  will  not  affect  dy¬ 
namic  response. 

The  static  and  dynamic  force-displacement 
characteristics  obtained  vith  the  air-bag  con¬ 
figuration,  foam,  shock  mount  are  shown  in 
Fig.  6.  The  stiffness  of  the  shock  mount  for 
small  displacements,  and  hence,  the  vibrational 
characteristics,  correspond  to  ^e  initial  com¬ 
pressive  modulus  of  the  foam.  For  small  dis¬ 
placements,  the  volume  change  is  not  enough  to 
build  up  any  appreciable  air  pressure  in  the 
bags,  and  $he  spring  force  must  come  from 
the  foam  structure.  For  larger  displacements 
the  air  pressure  buildiq;)  in  the  bags  governs  the 
shock  mount  characteristics. 


MATHEMATICAL  REPRESENTATION 

An  adequate  mathematical  representation 
of  the  shock  mount  just  described  must  take 
into  account  the  mount's  nonlinearity  and  rate 
sensitivity,  tt  was  felt  that  the  three  parameter 
mathematical  model  (Fig.  7)  fulfilled  these  re¬ 
quirements.  The  motel  consists  of  a  nonlinear, 
static  spring,  k„  and  a  Maxwell  element  de¬ 
noted  by  k  j  and  c.  The  characteristics  of 
spring,  k„  are  defined  in  the  figure  and  were 
obtained  from  static  testa  on  the  FF8TM.  The 
physical  effects  of  the  initial  compressive 
modulus  and  buckling  of  the  foam  structure,  and 
the  pressure  buildup  in  the  air-bags  are  de¬ 
scribed  by  this  non-linear  spring. 

The  viscoelastic  behavior  of  the  elastomer 
as  well  as  the  pseudo-viscoelastic  effect  of  air 
compression  are  taken  into  account  by  the  Max¬ 
well  element.  The  Maxwell  element  adds  to  the 
static  spring,  a  stiffening  effect  which  is  a 
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function  of  velocity.  This  element  also  provides 
the  damping  to  simulate  that  which  is  inherent 
in  the  foam  mount.  The  values  used  for  k|  and 
c  in  the  Maxwell  element  are  obtained  by  curve 
fitting  dynamic  test  data  from  the  PFSTM. 

The  calculated  response  to  a  6>pfs  step 
velocity  obtaiined  with  the  model  given  in  Fig.  7, 
is  shown  in  Fig.  8.  Results  obtained  from  the 
model  appear  to  match  the  test  data  shown  in 
Fig.  6  within  the  limits  of  test  accuracy. 
Therefore,  it  is  felt  that  application  of  the 
model  to  system  studies  is  valid  and  that  the 
shock  mount  performance  under  more  com* 
plex  shock  inputs  may  be  calculated  with 
confidence. 

CONCLUSIONS 

A  direct  analytical  approach  to  foam,  shock- 
mount  design  does  not  appear  to  be  available  at 


this  time.  Because  of  factors  of  size,  configu¬ 
ration,  nonlinearity  of  foam  prcHpertles,  and  so 
on,  a  semlemperlcal  method  is  required,  hi  this 
method,  an  understanding  of  the  mechanisms  of 
foam  behavior  backed  up  by  a  meaningful  test 
program  provides  a  rational  basis  for  design. 
Buckling  phenomena,  pneumatic  effects,  and 
elastomeric  rate  sensitivity  constitute  the  pri¬ 
mary  considerations. 

A  significant  tool  used  in  the  design  of  the 
POLARIS  foam  shock  mount  was  a  mathematical 
representation  of  the  mount's  dynamic  behavior. 
A  mathematical  model  consisting  of  a  non-linear, 
static  spring  in  parallel  with  a  Maxwell  element 
appears  to  provide  adequate  representation.  It 
is  felt  that  this  model  incorporates  the  essen¬ 
tial  i^ysical  phenomena  apparent  in  the  shock 
mount.' 


Fig.  8  •  Calculated  reiponee  obtained  with  the 
mathematical  model 


*  *  * 
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Section  5 
PANEL  SESSION  II 


THE  OPTIMUM  BALANCE  BETWEEN 
COMPONENT  AND  SYSTEMS  TESTING 


Moderator  -  J.  H.  Armstrong,  U.S.  Naval  Ordnance  Laboratory, 
White  Oak,  Silver  Spring,  Maryland 

Panelists  -  J.  A.  Harvey,  U.S.  Navy  Underwater  Sound  Laboratory 
E.  Lunney,  AVCO  Corporation 
S.  SilverlUrg,  Aerospace  Corporation 
A.  Steinberg,  Marshall  Space  Flight  Center,  NASA 
R.  Switz,  Space  Technology  Laboratories 


At  the  beginning  oi  the  session  each  panelist  made  a  short  opening 
statement  to  indicate  his  interests  and  his  position  on  the  panel  topic. 
An  edited  version  of  these  opening  statements  is  included.  The  remain¬ 
ing  discussion  has  been  summarized  and  rearranged  under  appropriate 
subject  headings.  All  comments  were  edited  for  clarity;  a  few  com¬ 
ments  were  not  included,  either  because  they  were  not  recorded  or  be¬ 
cause  they  repeated  a  point  brought  out  earlier  in  the  discussion. 


OPENING  REMARKS  BY 
PANELISTS 

Mr.  R.  Switz  (Space  Technology  Laboratories): 

Since  I  am  not  an  authority  on  other  envi¬ 
ronmental  problems,  my  remarks  will  be  lim¬ 
ited  to  spacecraft  and  missiles.  Furthermore, 
I’m  going  to  try  to  appeal  to  the  people  who 
write  specifications  and  develop  test  philosophy 
rather  than  to  those  who  actually  conduct  the 
tests,  since  the  arguments  that  I  will  try  to  de¬ 
velop  can  better  be  used  before  the  specifica¬ 
tions  are  written.  Finally,  I  e^qpect  to  limit  my 
discussion  to  qualification  testing  or  that  test¬ 
ing  which  Is  contractually 'required.  Engineer¬ 
ing  development  tests  are  not  Included. 

Those  of  you  who  have  woriied  with  the  Air 
Force  know  that.  In  nuuiy  cases,  a  specification 
states  quite  clearly  what  Is  to  be  done  even 
thou|^  it  doesn't  specify  how  It  Is  to  be  done. 
The  kind  of  specification  I'm  talking  about,  for 
example,  would  require  that  a  battery,  ha^^  a 
certain  part  number,  be  subjected  to  a  series  of 
specific  tests  set  forth  In  the  document. 

I  favor  the  component  test  phllosopiqr  over 
the  systems  test  philosophy.  With  respect  to  a 
systems  test,  both  the  electronics  people,  who 


are  quite  interested  in  achieving  their  goals, 
and  the  structures  people,  who  furnish  the  test 
bed  for  the  electronic  components,  are  con¬ 
cerned.  All  too  often  our  experience  has  shown 
that  there  is  no  one  test  that  will  satisfy  the  ob¬ 
jectives  of  both  groups.  In  spite  of  this,  usually 
only  one  test  is  performed,  therefore,  both  posi¬ 
tions  are  compromised  and  neither  party  is  sat¬ 
isfied  with  the  results. 

Within  the  present  state  of  the  art,  nobody 
really  knows  the  Input  to  the  re-entry  vehicle 
or  satellite,  in  a  spacecraft.  It  has  not  been 
measured  and  it  Is  doubtful  that  It  will  be  meas¬ 
ured,  since,  by  and  large,  the  instrumentation 
flown  consists  of  such  things  as  piezoelectric 
accelerometers.  A  transducer  of  this  type 
measures  response,  not  input.  It  Is  wrong  to 
extrapolate  these  responses  and  infer  that  they 
represent  the  Input  to  the  entire  system. 

Even  if  the  Input  were  known.  It  would  be 
questionable  whether  the  loads  could  be  repro¬ 
duced  on  ordinary  test  equipment  such  as  elec¬ 
trodynamic  shakers.  The  most  severe  loads 
are  encountered  during  liftoff  and  during  Mach 
1,  or  max  q.  These  severe  environments  are 
not  caused  by  engine  pulsations,  but  rather  by 
aerodynamic  turbulence,  buffeting,  acoustics, 
and  so  on,  which  cannot  be  simulated  on  an 
electrodynamic  shaker. 
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My  last  point  In  support  of  component  test¬ 
ing  is  the  fact  that  our  systems  are  getting 
larger  all  the  time,  thus  some  means  other  than 
a  Go,  No-Go  systems  test  must  be  used  to  es¬ 
tablish  reliability.  There  are  uses  for  systems 
tests  in  other  than  a  qualification  role,  for  in¬ 
stance,  in  quality  control  checks.  In  these 
cases,  the  systems  test  would  be  used  to  check 
workmanship  and  life,  thus  not  requiring  the  in¬ 
put  to  resemble  the  environment  during  flight. 

That  summarizes  my  position  and  the  points 
I  would  like  to  try  to  defend. 

Mr.  E.  Lunney  (AVCO  Corp): 

My  background  is  associated  with  the  desi^fi 
and  development  of  re-entry  vehicles  for  an 
organization  working  with  Air  Force  contracting 
requirements  and  specifications. 

The  process  of  developing  the  components 
and  systems  of  a  re-entry  vehicle  involves  three 
testing  phases  that  follow  a  logical  pattern.  The 
first  is  called  design  data  testing  or,  more  com¬ 
monly,  development  testing.  In  this  phase  it  is 
primarily  the  designer  who  dictates  the  levels 
of  the  environment,  the  number  of  items  that  he 
has  available  for  test,  and  the  depth  to  which  the 
development  testing  goes. 

Development  testing  is  primarily  concerned 
with  the  selection  of  either  vendor's,  or  in-house 
designed  and  fabricated,  components.  The  idea 
is  to  try  to  scout  out  the  failure  modes  and,  you 
might  say,  the  margins  of  safety  in  the  perform¬ 
ance  area.  Systems  are  not  usually  tested  at 
the  same  levels.  The  development  test  levels 
may  be  either  equivalent  to  or  lower  or  higher 
than  those  used  in  qualification  tests.  In  any 
case,  development  testing  produces  the  best 
candidates  for  a  reference'design. 

The  reference  design  components  are  then 
ordered  in  some  quantities  and  we  proceed  to 
the  next  phase  in  which  tests  begin  to  become 
formal.  This  phase  is  called  flight  proof  test¬ 
ing  and  its  purpose  is  to  demonstrate  that  these 
components,  integrated  as  systems,  are  flight  - 
worthy  as  far  as  the  first  flight  tests  of  the  re¬ 
entry  vehicle  are  concerned.  In  the  case  of 
some  one-shot  items,  we  may  subject  omy  25 
to  50  samples  to  the  critical  environments, 
such  as  shock,  vibration,  temperature,  and 
humidity.  Although  this  gives  one  some  feel 
for  the  confidence  associated  with  the  particular 
desi^  prior  to  flight,  itio  n^t-ccmplete'qualifl.- — 
cation  testing.  We  (k>,  however,  tBBue*a  formal 
certificate  once  items  have  passed  this  level  of 
design  maturity. 


The  next  phase  is  the  formal  qualification 
testing  which  is  primarily  concerned  with  op¬ 
erational  components.  Here  we  test  for  probably 
15  different  environmental  conditions  with  sam¬ 
ple  sizes  ranging  from  5  to  10  for  components 
and  1  to  5  for  systems.  This  is  a  contract  re¬ 
quired  test.  We  issue  qualification  certificates 
for  the  items  once  they  have  successfully  com¬ 
pleted  the  qualification  test  program. 

It  is  necessary  to  realize  that,  neglecting 
ground  environments  and  storage  conditions,  the 
mission  cycle  of  a  re-entry  vehicle  is  very 
short— less  than  1  hour.  Our  systems,  there¬ 
fore,  have  somewhat  different  life  problems  than 
some  of  the  other  systems  associated  with  naval 
or  aircraft  operations. 

Mr.  J.  Harvey  (USN  Underwater  Sound  Lab.): 

My  background  is  related  to  shipboard  pro¬ 
pulsion  and  operating  equipment,  primarily  with 
respect  to  acceptance  tests  for  tee  Navy.  But 
an  important  phase  of  our  work  is  devoted  en¬ 
tirely  to  development  items  that  do  exist  and, 
regretably,  are  operational  in  the  Fleet.  This 
is  gear  which  has  been  accepted  and  for  which 
the  manufacturer  is  no  longer  liable,  so  we’re 
not  bothered  with  the  problems  of  contractual 
responsibility.  It  is  the  type  of  item  that  tee 
ship  needs  to  go  to  sea,  and  tee  item  is  built  of 
components  which,  individually,  have  all  passed 
general  qualification  tests  to  a  general  specifi¬ 
cation.  Yet,  as  a  part  of  a  system  operating 
aboard  a  ship  at  sea,  tee  item  doesn't  work. 

The  type  of  testing  we  do  is  much  in  the 
manner  of  a  coroner  trying  to  reconstruct  tee 
crime.  We  take  this  e:dstlng  system,  bring  it 
back  to  tee  lab  and  try  to  find  out  why  it  doesn't 
work  at  sea.  Although  the  components  have  been 
tested  to  a  general  qualification  test,  there  is  no 
indication  that  tee  inputs  are  related  in  any  way 
to  the  inputs  tee  system  gives  to  the  components. 
For  that  reason  I’m  against  this  type  of  compo¬ 
nent  testing.  In  general,  it  is  impossible  to  use 
component  tests  lor  our  type  of  trouble  shooting. 
There  are  specific  instances  for  which  compo¬ 
nent  testing  is  a  very  necessary  tool,  but  not  in 
this  relation. 

f-teink  that  one  could  say  it's  axiomatic 
that  if  the  system  must  be  reliable,  tee  compo¬ 
nent  must  be  reliable.  1  don't  know  whether  or 
not  this  stems  from  probability  theory,  since 
I'm  not  a  statistician.  I  try  to  tell  the  truth.  It 
is  well  to  remember,  however,  that  a  system  of 
500  components,  each  with  99  percent  reliability, 
can  be  shown,  on  paper,  to  have  a  system  reli¬ 
ability  of' less  than  1  percent.  In  my  experience, 
I  have  yet  to  see  a  system  made  up  of  qualified 
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componentf  that  has  woriced  satisfactorily  un¬ 
less  the  system  had  been  tested  as  an  entity. 

The  synergistic  reactions,  the  effects  of  com¬ 
bined  environments,  will  almost  Invariably 
cause  some  sort  of  failure.  For  this  reason  I 
am  steadfastly  against  component  testing  alone. 
Any  test  which  produces  the  same  damage  as 
the  service  environment  is  Justified. 

Mr.  S.  Silverberg  (Aerospace  Conx>ratlon): 

I  would  like  to  limit  my  remaiks,  as  did 
Dick  Switz,  because  my  e:q>erience  has  been 
strictly  in  the  satellite  and  re-entry  vehicle 
field.  I  don't  know  whether  these  remaiks  will 
be  applicable  for  shipboard  equipment  or  sys¬ 
tems;  I  feel  they  might,  but  we'll  let  the  people 
who  woik  in  that  field  make  that  decision. 

Of  necessity,  some  components  become 
available  for  tesUng  before  a  complete  system 
can  be  assembled.  On  this  basis  silone,  even 
under  tight  schedules,  some  component  vibra¬ 
tion  testing  will  and  should  be  performed,  par¬ 
ticularly  for  new  systems.  If,  because  of  lim¬ 
ited  hardware  availability,  all  these  components 
must  be  used  in  the  operational  system,  the  vi¬ 
bration  level  and  duration  must  be  restricted  so 
as  to  protect  the  useful  life  span.  Otherwise, 
at  least  one  component  should  be  tested  to  levels 
which  simulate,  as  best  possible,  the  component 
environment  plus  a  reasonable  factor  of  skety. 
This  will  increase  the  confidence  in  system  re¬ 
liability  before  any  system  testing  is  performed. 

A  system  has  dynamic  characteristics 
which  manifest  themselves  as  resonances  at 
certain  frequencies.  The  equipment  components 
in  a  system  are,  therefore,  subject  to  a  vibra¬ 
tory  environment  which  is  strongly  dependent  on 
the  assembly  characteristics.  These  charac¬ 
teristics  and  the  details  of  the  exciting  force 
are  generally  not  available  during  the  compo¬ 
nent  design.  It  is  undesirable  to  penalize  the 
majority  of  components  because  of  high  trans- 
misslbllities  to  a  few.  But  the  philosophy  which 
seems  to  have  the  most  me'iit  is  to  overdesign 
the  components  and  thus  build  reliability  into 
the  system. 

In  the  final  analysis,  the  purpose  of  compo¬ 
nent  testing  must  be  to  improve  the  system  re¬ 
liability.  Following  this  philosophy  whenever 
possible,  sample  components  should  be  tested 
to  several  times  the  system  levels.  However, 
it  is  the  system  tests  which  check  the  functional 
capability  of  all  the  components  arranged  in  the 
system.  Other  problem  areas  which  may  mani¬ 
fest  themselves  during  a  system  test  are  struc¬ 
tural  integrity,  loose  wiring  or  interconnects 
between  components,  and  disadvantageous 


arrangement  of  components.  In  spite  of  all  the 
shortcomings  of  system  testing,  of  which  we  are 
all  aware,  such  as  the  Inability  to  predict  and 
apply  the  exact  environment  as  Dick  Switz  men¬ 
tioned,  and  regardless  of  what  level  of  testing 
of  components  has  been  allowed  by  the  schedules 
and  financial  situation  of  the  program  involved, 
it  must  be  the  system  testing  which  indicates 
the  reliability  of  the  system  and  the  prospects 
for  a  successful  end  use. 

In  summary,  it  is  my  belief  that  before  end- 
use,  the  test  which  must  be  performed  is  the 
system  test.  The  minimum  level  of  this  test  to 
prove  successful  system  end-use,  must  be  the 
anticipated  use  level.  Therefore,  the  system 
must  be  built  to  survive  the  anticipated  environ¬ 
ment  twice.  Testing  of  the  components,  which, 
as  I  have  said,  is  done  for  the  sake  of  the  sys¬ 
tem,  must  rank  second  in  relative  importance. 

Mr.  A.  Steinberg  (Marshall  Space  Flight  Center): 

Having  been  In  this  reliability  field  for  some 
time  and  having  worked  with  such  people  as  Dr. 
Lusser,  I  think  you  have  some  idea  of  the  things 
I  may  be  saying.  In  essence.  I'd  like  to  bring  up 
some  of  the  factors  concerning  reliability  policy, 
both  with  the  Army  Missile  Command  at  Hunts¬ 
ville  and  the  Marshall  Space  Flight  Center. 

Since  I've  woiked  for  both  groups,  I  recognize 
the  differences  between  the  two  and  would  like 
to  relate  these.  The  differences  aren't  too 
great,  actually,  since  the  policies  emanated  out 
of  the  same  reliability  group.  If  you  recall,  a 
few  years  ago  this  was  one  agency  at  Huntsville, 
not  two  different  organizations. 

We  have  quite  a  few  reliability  policy  state¬ 
ments,  but  the  ones  that  are  pertinent  to  shock 
and  vibration  are  first,  that  we  require  in  all 
our  development  projects  an  early  estimation 
of  environments;  this  should  be  corrected  as 
soon  as  the  systems  can  be  instrumented  and 
the  operational  environments  measured.  Sec¬ 
ond,  the  contractor,  or  the  developing  agencies 
if  it's  an  in-house  project,  should  work  up  a 
consolidated  test  plan  to  include  both  component 
and  systems  testing.  Our  contracts  in  Hunts¬ 
ville  have  reliability  requirements  that  are  re¬ 
lated  to  these  policies  and  which  dictate  that 
components  be  developed  first  and  that  a  safety 
margin  be  demonstrated  to  be  inherent  within 
these  components.  Then,  of  course,  the  system 
can  be  fabricated,  based  upon  the  use  of  these 
high  reliability  components.  We  end  up  testing 
the  system  itself  to  show  that  we  still  have  this 
desired  reliability. 

Because  of  limitations  on  time  and  cost,  a  com¬ 
ponent  test  program  is  never  as  comprehensive  as 
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we  would  like  to  have  It.  The  program  varla- 
tiona  have  to  be  baaed  on  the  nature  of  the  aya- 
tem  and  the  mlaalon.  For  thla  reaalon,  I  would 
like  to  categorize  componenta  In  terma  of  how 
they  ahould  be  teated.  First,  we  have  a  standard 
type  of  time  oriented  equipment  which  has  to 
perform  month  after  month  or  year  after  year. 
TUa  equipment  can  be  specified  In  terma  of 
mean  time  between  failures.  Next  would  be  the 
one-shot  type  of  equipment,  such  as  the  solid 
propellant  rock  or  the  thermal  battery,  where, 
in  order  to  find  out  whether  it  has  a  safety  mar¬ 
gin,  you  destroy  it  in  the  performance  test.  Fi¬ 
nally,  there  is  the  third  type  which  has  only  one 
opportunity  to  perform  in  a  mission,  but  can  be 
tested  over  and  over  again  on  the  ground.  This 
type  is  exemplified  by  the  liquid  propellant  en¬ 
gine,  where  dozens  of  static  firings  have  been 
run  before  that  particular  engine  is  finally  fired 
to  loft  the  vehicle. 

The  MAULER  and  SHILLELAGH  missUe 
systems  are  two  excellent  examples  of  how 
policies  are  being  implemented,  particularly 
for  the  Army  side  of  the  picture.  Both  of  these 
systems  have  test-to-failure  programs  tor  com¬ 
ponent  development,  which  seem  to  be  working 
out  pretty  well.  The  systems  contain  both  elec¬ 
tronic  subsystems  that  are  time  oriented,  and 
one-shot  devices  such  as  solid  propellants.  The 
two  programs  began  with  the  usual  procedure  of 
developing  a  test  plan,  esttmating  the  environ¬ 
ments,  and  selecting  critical  components  for 
test-to-fallure  under  critical  environments. 

Critical  components  are  those  which  can 
cause  system  failure  by  reason  of  their  func¬ 
tions  within  the  system.  The  critical  compo¬ 
nents  to  be  selected  lor  the  test-to-failure  pro¬ 
gram  should  be  either  new  or  nonstandard,  have 
an  unknown  environmental  response,  have  a  his¬ 
tory  of  failure,  or  be  a  hi^  population  item 
within  the  system.  Critical  environments  gen¬ 
erally  are  shock,  vibration,  and  temperature. 

In  special  situations  involving  such  things  as 
uncaged  semiconductors  or  solid  propellants  of 
the  double-base  grain  type,  humidity  can  also 
produce  serious  deterioration. 

The  Mauler  test  program  began  with  com¬ 
ponents  because  decisions  had  to  be  made  con¬ 
cerning  their  selection  and  because,  at  the  be¬ 
ginning,  the  system  did  not  exist.  Less  than  2 
percent  of  the  components  were  subjected  to  a 
test-to-failure  program,  but  in  one  case  the 
Army  was  saved  $5,000,000  because  this  pro¬ 
gram  uncovered  a  maridn^  capacitor. 

A  component  test  program  does  not  elimi¬ 
nate  the  ne^  lor  environmental  testing  of  sys¬ 
tems  or  subsystems.  As  soon  as  they  are 


available  then,  for  all  practical  purposes,  one 
abandons  the  component  tents  and  goes  to  the 
next  level  of  testing.  1,  however,  would  like  to 
mention  one  thing  further  regartl^  conqxment 
versus  system  tests.  SHILLELAGH  began  with 
the  same  sound  planning  involving  the  test-to- 
failure  as  a  basic  contract  requirement.  Be¬ 
cause  of  delays  in  test  schedules  and  for  other 
reasons,  the  contractor  was  forced  into  system 
tests  long  before  he  was  ready,  and  at  a  rather 
fantastic  rate  of  expenditure,  compared  to  the 
original  cost  estimates.  These  early  system 
tests  were  very  unsucc^^ssful.  The  program 
was  halted  and  then  reverted  to  an  aiHPlisd  re¬ 
search  effort  Involving  component  test-tp-fail- 
ure.  This  ettort  brought  component  reliEU>ility 
up  to  the  required  level  and  resulted  in  a  higMy 
successful  systems  test  program.  Early  com¬ 
ponent  test-to-fallure  does  pay  off. 

At  Marshall,  we  are  concerned  with  large, 
liquid-fuel  engine  systems  and  there  are  several 
restrictive  problems.  First,  the  cost  of  hard¬ 
ware  for  a  large  liquid-fuel  engine  is  almost 
prohibitive.  Second,  there  aren't  many  such 
engines  in  existence.  Finally,  the  worst  prob¬ 
lem  of  all  seems  to  be  the  dlfliculty  of  predict¬ 
ing  and  simulating  the  component  environments 
involved  with  these  engines. 

There  are  three  phases  of  testing  Involved: 
the  PFRT,  or  preflight  certification  test;  the 
QUAL,  or  qualification  test;  and  finally  the  ac¬ 
ceptance  test,  which  is  a  test  that  has  to  be  run 
on  an  engine  prior  to  delivery  or  acceptance  by 
the  government.  These,  of  course,  re^re 
demonstration  of  performance  to  the  safely  lim¬ 
its  as  well  as  to  environments.  The  component 
environmental  tests  are  generally  conducted 
after  PFRT,  rather  than  before,  so,  in  this  case, 
we  go  into  system  tests  first  and  then  to  com¬ 
ponent  tests. 

The  major  sources  of  vibration  in  the  liquid- 
fuel  engine  are  either  from  the  rotating  motion 
of  the  turbo  pump  or  from  the  combustion  proc¬ 
ess  in  the  combustion  chamber.  Also,  since  we 
gimbal  the  engihb  for  guidance  control,  some 
translatory  motion  is  produced.  In  any  case, 
because  of  the  mounting  arrangements  of  the 
lump  and  the  variations  of  the  propellaid  burn¬ 
ing,  it  is  almost  impossible  to  predict  the  vibra¬ 
tion  spectrum  and  magnitude.  For  example,  we 
recently  had  a  design  review  meeting  on  one 
motor  at  which  it  was  announched  that  1000  g's 
at  a  frequency  of  3600  cycles  had  been  meas¬ 
ured.  This  had  caused  some  breakage  In  the 
regenerative  tubes  that  make  up  the  thrust 
chamber  and  also,  there  was  some  leakage.  The 
cause  was  attributed  to  a  structural  weakness. 
However,  this  same  engine  had  been  subjected 
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to  shake-table  tests  of  the  magnitude  decreed 
and  nothing  had  occurred  to  show  that  this  weak¬ 
ness  could  crop  up  during  the  combustion  proc¬ 
ess.  This  example  Indicates  that  there  la  some¬ 
thing  lacking  In  our  ability  to  predict  the 
vibration  environment. 


DEFINING  'COMPONENTS'  AND 
'SYSTEMS' 

After  the  Panel's  opening  statements,  Mr. 
Bentley  of  Lockheed  suggested  that,  even  with 
the  panel  members,  what  was  a  component  to 
one  was  a  system  to  another.  He  asked  that 
each  panelist  give  his  own  definition.  The  Chair¬ 
man  agreed  and  asked  each  panelist  to  say  what 
was  his  largest  system  and  what  did  he  consider 
a  component. 

Mr.  SUverberg  replied,  "When  I  use  the 
word  system,  I  have  In  mind  an  entire  satellite 
vehicle  system.  This  doesn't  include  the  boost¬ 
ers  or  the  Agena,  but  it  does  include  everything 
on  top.  You  can  picture  what  the  components 
are,  then,  on  this  basis.  They  are  the  guidance 
packages,  not  the  Individual  things." 

Mr.  Harvey  preferred  to  stay  with  the  defi¬ 
nition  In  Websters  and  say  that  a  system  was  an 
assemblage  of  Items  all  having  Interdependence 
or  interaction  with  each  other.  It  was  difficult 
to  draw  the  line,  but,  in  general,  he  would  call 
a  relay  a  component  even  though  there  was  In¬ 
ternal  reaction,  and  an  assembly  of  parts  on  a 
common  base,  cabinet,  or  structure,  he  would 
call  a  system. 

Mr.  Swltz  agreed  with  Mr.  SUverberg.  He, 
too,  thought  of  a  satellite  as  a  system,  and.  sug¬ 
gested  a  thermal  battery  as  a  component.  There 
were,  however,  many  items  In  a  twiUght  zone, 
for  Instance  the  attttude  control  system  on  a 
sateUlte.  He  beUeved  that,  as  far  as  his  Inter¬ 
ests  went,  about  80  percent  of  his  quarrels 
could  be  clearly  defined  as  either  system  or 
component  quarrels.  He  did  not  think  It  would 
pay  to  spend  a  lot  of  time  arguing  about  the 
definition  of  the  remaining  20  percent. 

Mr.  Lunney  said,  "From  my  standpoint  a 
re-entry  vehicle  is  a  system,  but  certainly  a 
major  assembly  type  of  system.  This  could  be 
broken  down  Into  an  attitude  control  system  and 
several  other  types  of  systems.  An  attitude 
control  system  is  one  of  several  subsystems 
which  make  up  a  complete  re-entry  vehicle. 

The  components  of  a  subsystem,  such  as  an  at¬ 
titude  control  system,  could  be  nozzles,  gas 
storage  bottles,  and  possibly  some  electrical 
controls.  Going  down  lower  In  the  assembly 


echelon,  we  have  piece  parts  which  I  would  caU  | 
Items  such  as  condensers,  resistors,  chokes,  | 

and  transformers."  I 

I 

Mr.  Steinberg  pointed  out  that  the  Army  \ 

use  of  the  term  component  was  synonymous  with 
piece  parts.  The  lowest  level  Item  that  could  be  • 
used^  a  replacement  part  was  a  component. 

As  an  example,  when  last  he  heard,  the  Army 
had  abandoned  any  effort  to  maintain  gyros  In 
the  field,  therefore  a  rate  gyro  would  be  a  com¬ 
ponent,  A  resistor  was  also  a  component  unless 
encapsulated,  or  entwined  with  a  printed  circuit 
when  the  circuit  itself  would  be  discarded  by  the 
maintenance  activity.  The  application  of  the 
term  component  or  part,  therefore,  was  flexible, 
since  decisions  were  being  made  every  day  on 
the  levels  of  maintenance  to  be  conducted  on 
each  system.  He  considered  any  combination 
of  components  which  could  be  tested  as  a  sys¬ 
tem,  a  subsystem  or  system. 

Mr.  Welxler,  McDonnell  Aircraft,  suggested 
that  It  might  come  as  a  surprise  to  many  that 
MIL  STD  127  defined  parts,  modules,  and  so  on. 

A  relay  for  Instance  was  a  part;  an  armature 
was  an  element,  and  the  definitions  included 
subsystems  and  systems. 


DEFINING  THE  TEST 

Dr.  Cook  of  Collins  Radio  suggested  that, 
since  the  panel  members  were  in  favor  of  com¬ 
ponent  or  systems  tests,  they  should  say  what 
tests  they  proposed. 

In  reply,  Mr.  SUverberg  said  that  no  matter 
what  system  was  in  mind,  the  hope  was  that  one 
could  anticipate  the  vibraUon  that  the  system 
and  components  would  experience  by  analyzing 
or  obtaining  data  from  simUar,  operating  sys¬ 
tems,  It  had  been  his  group's  experience  with 
sateUite  and  re-entry  vehicles  that  the  vibra¬ 
tion  of  both  systems  and  components  had  a 
rather  wide  spectrum,  but  with  very  sharp 
spikes  comparable  to  discrete  sinusoids.  They 
made  the  best  use  they  could  of  flight  data- 
taken  on  hard  structures,  not  on  platforms -and 
they  analyzed  various  conditions  to  get  their 
system  inputs.  It  was  much  more  difficult  to 
get  component  Inputs  since  these  depended  upon 
the  location,  and  the  mounting  bracketry  used 
to  attach  the  component.  A  rule  of  thumb  was 
to  use  5  or  6  times  the  system  level  plus  a  fac¬ 
tor  of  safety.  After  that,  the  system  test  was 
done  to  find  If  the  transmisslbUlty  was  so  high 
that  perhtq>s  the  component  test  was  not  adequate. 

Mr.  Harvey  said  that  first  of  all,  agreement 
must  be  reached  on  the  meaning  of  the  word 
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teit.  If  they  were  concerned  with  evaluation, 
then  the  aini  was  to  determine  if  the  item  or 
system  met  the  design  requirements  under  its 
true  service  environment.  That  was  what  he 
called  a  test.  If,  however,  the  aim  was  a  diag¬ 
nostic  examination,  then  this  was  more  in  the 
nature  of  an  experiment.  It  was  still  called  a 
test  but  it  was  not,  in  his  opinion,  a  test  in  the 
true  sense  of  the  word.  If  it  was  an  evaluation- 
type  test,  then  he  believed  that  it  was  the  engi¬ 
neer's  responsibility  to  duplicate  the  service 
environment  by  any  means  possible.  If  it  was 
a  development  tool  for  the  designer,  then  any 
means  were  Justified  to  the  end. 

Mr.  Switz  interpreted  Dr.  Cook's  Question 
to  mean  what  method  can  be  used  to  arrive  at 
tests  to  be  used  once  it  has  been  decided  to  test 
systems,  or  components,  or  both.  As  had  been 
pointed  out  when  fli^t  data  was  available,  this 
was  fine,  but  the  people  designing  APOLLO,  for 
Instance,  did  not  have  much  flight  data.  "There 
have  been  rather  successful  attempts  to  predict, 
by  using  models  and  subscale  tests,  what  the 
response  is  going  to  be  at  the  component  level 
for  future  systems.  I  think  TITAN  n  is  an  ex¬ 
ample  of  this.  Aerojet,  Martin,  and  Bolt  Bera- 
nek  and  Newman  started  some  sort  of  a  scale 
model  program  about  .2  years  before  the  first 
TITAN  n  flew.  They  predicted  the  in-sllo 
acoustical  environment  and,  using  TITAN  I  ex¬ 
perience,  came  up  with  some  sort  of  a  transfer 
function  from  acoustic  noise  to  vibration.  As  a 
result  of  this,  vibration  specifications  were  de¬ 
vised  quite  early  in  the  game  ^or  the  TITAN  n 
components.  Now,  as  the  static  firing  and  fli^ 
data  are  starting  to  come  in  on  TITAN  A,  we 
find  that  they  really  weren't  too  far  off.  So  I 
think  we  are  mnking  some  progress  in  this  field. 
It  isn't  all  black  magic  anymore.  However,  I 
personally  still  feel  that  the  state  of  the  art  de¬ 
mands  that  we  stick  to  predicting  component 
responses  rather  than  system  responses." 

Mr.  Steinberg  said  that  on  the  contract 
side  of  these  development  programs  they  had 
run  into  problems  through  trying  to  specify 
everything  that  would  happen  to  the  system 
before  it  existed.  They  had  started  by  asking 
for  every  sort  of  environment  and  the  result  had 
been  to  place  such  a  test  burden  on  the  develop¬ 
ment  agency  as  to  almost  price  it  out  of  busi¬ 
ness.  One  test  plan  received  from  a  contractor 
had  had  some  27  different  tests  planned  for  dil- 
ferent  modes  of  failure.  This  was  impractical 
and  the  approach  now  is  to  consider  only  the 
critical  environments.  As  for  component  test 
levels.  It  had  been  found  Impractical  to  specify 
either  magnitudes  or  spectra;  rather,  it  was 
more  practical  to  allow  the  contractor  to  de¬ 
velop  Ms  own  specifications,  predicting  the 


most  critical  situations  by  Ms  own  theoretical 
studies.  Then,  after  completing  the  develop¬ 
ment  phase,  the  government  would  go  through 
the  normal  qualification  and  acceptance  tesUng. 

Dr.  CoMi  thougM  that  one  of  the  reasons  it 
was  so  hard  to  define  a  test  was  that  everyone 
was  too  preoccupied  with  reproducibility.  "We 
generally  find  ourselves  in  the  position  of  having 
to  qualify  sometMng  to  a  test  wMch  has  been 
arrived  at  through  a  great  deal  of  hocus  pocus 
and  at  levels  to  which  people  can  test  and  hope 
they  can  claim  reproducibility,  so  that  someone 
can  perform  the  test  in  another  place  and  verify 
these  results."  He  suggested  getting  away  from 
trying  to  set  reproducible  levels  and  taking,  in¬ 
stead,  further  steps  in  randomization,  not  only 
random  vibration  but  the  random  application  of 
humidity  and  temperature,  at  random  levels. 

He  thought  tMs  could  be  done  within  the  envi¬ 
ronmental  levels  of  use.  Reproducibility  was 
only  something  connected  with  the  test,  whereas 
the  aim  was  to  get  sometMng  that  would  prove 
the  system  in  its  use  environment. 

To  wMch  Mr,  Lunney  replied,  "One  of  the 
problems  associated  with  randomization  or 
combination  testing  is  how,  when  you  get  fail¬ 
ures,  do  you  establish  what  was  the  primary 
mode  of  failure?  Was  it  due  to  the  vibration, 
or  to  the  shock,  or  can  you  positively  show  that 
it  was  due  to  the  combination?  TMs  usually 
precipitates  an  investigation  of  the  serial  or 
sequential  type  of  environmental  testing  to  find 
out  what  was  your  primary  failure  mode  so  that 
appropriate  corrective  action  may  be  taken.  At 
the  system  level,  I  feel  that  combined  environ¬ 
mental  testing  is  line,  but  I  think  we've  got  a 
long  way  to  go  before  we  have  enough,  let's  say, 
testing  maturity  to  fully  understand  its  impli¬ 
cations  and  really  get  the  most  out  of  it. 


MEETING  THE  TEST 
REQUIREMENTS 

Mr.  Jones,  Admiral  Corporation,  spoke  up 
lor  the  manufacturers  of  'little  black  boxes'  or 
components.  He  had  the  impression  that  the 
proponents  of  system  tests,  while  they  were  not 
sure  what  their  system  would  e]q>erience,  never¬ 
theless  wanted  to  test  these  systems  to  some 
environment  wMch  they  had  dreamed  up  in  the 
hope  that  it  would  simulate  the  actual  environ¬ 
ment.  Those  in  favor  of  component  testing  ~ 
seemed  to  advocate  overtest^  to  see  Just  what 
would  tear  them  apart.  From  the  point  ot  view 
of  the  person  who  had  to  build  the  components 
and  somehow  to  sunily  a  guarantee  with  them, 
he  had  a  qqestion.  What  happened  if,  after  hav¬ 
ing  been  built  to  a  particular  test  q>eciflcation 
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and  having  been  put  in  a  ay  stem,  the  component 
then  iell  apart? 

The  Chairman  suggested  that  the  manufac¬ 
turer  would  still  get  paid,  Init  would  also  be 
given  a  hard  time. 

Mr.  Weinberg  said  that  in  all  their  relia¬ 
bility  or  test  specifications  there  was  no  penalty 
for  not  being  able  to  meet  the  spec  except  that 
the  test  had  to  be  repeated.  "As  Mr.  Armstrong 
mentioned,  you  still  get  paid.  The  only  hardship 
on  the  company  and  the  contractor  is  that  they 
repeat  the  test  without  fee.  So  I  guess  this  hurts 
the  stockholder,  but  it  doesn't  necessarily  hurt 
the  employee." 

Mr.  Silverberg  replied  to  Mr.  Jones.  'It's 
not  as  much  black  ma^c  as  it  may  seem.  Even 
for  new  systems  there  are  tools  available  to  us 
which  allow  us  to  come  pretty  close  to  predict¬ 
ing  what  environment  these  black  boxes  will 
actually  experience.  We  have  wind  tunnel  tests, 
ground  firings,  previous  flight  data,  and  analyti¬ 
cal  methods.  Usually  you  will  find  that  the  peo¬ 
ple  who  are  writing  these  specs  have  had  a  little 
experience  in  the  field  of  vibration,  including 
experience  with  respect  to  what  has  happened 
with  previous  specifications  that  they  have  writ¬ 
ten.  Many  vehicles  that  the  Air  Force  is  flying 
now,  or  will  be  flying  in  the  near  future,  use 
the  same  booster  systems;  therefore,  as  you  go 
from  vehicle  to  vehicle  the  things  that  affect  you 
are  things  like  external  configuration,  weight, 
and  structural  stiffness.  However,  you  can  get 
a  good  Indication  of  what  the  components  and 
what  the  system  will  experience.  A  good  point 
was  brought  out  that  specifications  written  on 
black  boxes  are  written  to  a  high  enou^  level 
so  that  when  the  black  box,  or  component,  is 
put  into  the  system,  we  normally  anticipate  that 
it  will  not  fall  if  it  has  passed  its  own  qualifica¬ 
tion  test.  Now  that  doesn't  say  it  can't  fail,  but 
this  is  usually  why  the  black  box  test  is  as  se¬ 
vere  as  it  is.  At  some  place  along  the  line,  the 
subcontractors  have  to  be  able  to  sell  their 
equipment,  and  it  would  be  ridiculous  to  make 
the  test  level  so  low  that  we  could  anticipate 
trouble  just  because  of  normal  transmlssibill- 
ties  in  the  system." 

Mr.  Switz  commented  that  some  problems 
could  be  traced  to  component  manufacturers 
who  failed  to  put  the  specification  numbers  into 
their  design. 

Mr.  Harvey  said  he  had  the  feeling  that  the 
space  people  wrote  specific  specs  for  most  of 
their  black  boxes  because  they  could  get  a  pretty 
good  idea  of  what  the  system  liqMt  to  the  black 
box  was  going  to  be.  This  was  not  true  of 


shipboard  gear  in  general,  the  majority  of  which 
was  built  to  very  general  specifications.  In  his 
opinion,  the  fault  lay  in  the  specifications  them¬ 
selves,  which  were  too  loose  and  general  for  ap¬ 
plication  to  specific  places  aboard  ship.  Ship 
gear  was  tested  to  extremes,  usually,  he  be¬ 
lieved,  higher  than  necessary,  and  was  then  put 
into  a  system  in  which,  because  of  internal  coupl¬ 
ing  and  interactions,  had  all  hell  shaken  out  of  it 
so  that  it  fell  apart,  but  this  shaking  was  quite 
different  from  the  original  test. 

He  wondered  if  it  would  be  possible  to  give, 
for  ships,  specific  information  for  each  loca¬ 
tion,  but  he  doubted  this  since  there  were  so 
many  systems.  Perhaps  better  or  more  stand¬ 
ard  models  for  systems  should  be  tried.  There 
should  be  a  feedback  circuit  between  the  gen¬ 
eral  specification  and  the  manufacturers  of 
specific  items. 

Mr.  Silverberg  thought  the  space  people 
were  not  as  clever  as  Mr.  Harvey  thought.  They 
did  not  write  specifications  for  individual  black 
boxes. 

The  Chairman  suggested,  "Maybe  what's 
needed  in  some  cases  is  a  little  footnote  under 
each  clause  in  the  specification  which  says 
whether  or  not  you  really  mean  it.  I'm  reminded 
of  the  fellow  standing  ri^t  in  front  of  a  No 
Smoking  sign  as  he  lit  a  cigar.  His  friend  said, 
'Don't  you  see  that  No  Smoking  sign  there? '  He 
says,  'Sure,  but  it  doesn't  say  positively.' " 

Mr.  Rouault,  General  Electric,  wanted  to 
pursue  a  point  Mr.  Harvey  had  made,  the  dis¬ 
crepancy  between  Navy  specifications  and  the 
actual  environment.  He  believed,  from  close 
acquaintance,  that  there  was,  unfortunately, 
little  agreement  particularly  as  to  temperature, 
shock,  and  vibration.  Many  ships  had  been 
shocked,  most  of  the  equipment  had  survived, 
though  some  had  failed,  but  what  seemed  most 
odd  was  that  TV  sets  in  the  wardroom  and  small 
radios  in  the  crew's  quarters  suffered  no  dam¬ 
age.  Obviously  these  equipments  were  not  built 
to  Navy  specs,  but  to  good  commercial  practice. 
Again,  he  would  like  to  ask  why  was  it  impos;,!- 
ble  for  a  man  to  stand  on  a  vibration  table  or 
shock  machine  during  a  test  without  becoming 
a  casualty? 

Mr.  Harvey  agreed  that  there  were  dis¬ 
crepancies,  but  believed  that  something  was  be¬ 
ing  done  to  correct  this  situation.  He  went  on 
to  defend  the  Navy  shock  machine;  "For  many 
years  I've  heard  remarks  about  the  nastiness 
of  the  Navy  medium  wel^  hammer.  I've  heard 
people  ask,  'Why  don't  we  use  a  nice  shaped 
{Wise?  Let's  get  repeatable  results.'  I'll  go 
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along  with  this  if  we  can  get  our  potential  ene¬ 
mies  to  use  depth  charges  that  produce  shaped 
pulses."  In  the  meantime  the  machines  should 
be  used.  The  machines  were  designed  to  pro¬ 
duce  damage  similar  to  that  e^erienced  in  the 
real  environment.  An  excellent  correlation 
I  existed  between  gear  which  had  passed  the  med- 
f  lum  weight  shock  tests  and  had  later  worked 
I  satisfactorily  during  shock  hardening  trials  at 
sea.  The  proof  of  the  pudding  was  in  the  eating. 

Manufacturers  were  not  given  instructions 
on  how  to  build  something  to  be  tested  on  the 
machine  and  stay  in  one  piece.  It  was,  there¬ 
fore,  important  to  get  information  back  to  the 
designers  after  a  test.  Mr.  Harvey's  division 
at  the  USL  had  recently  been  insisting  that  man¬ 
ufacturers  use  instrumentation  during  tests. 
While  companies  often  insisted  they  did  not  care 
about  Instrumentation,  they  were  back  the  mo¬ 
ment  anything  broke,  asking  for  the  readings. 

Mr.  Rouault  asked  who  was  working  to  cor¬ 
rect  the  specifications*  and  went  on  to  relate  a 
story  about  an  equipment  built  during  the  war. 
After  some  3000  of  these  items  had  been  pro¬ 
duced  and  had  worked  very  well,  a  spec  was 
written  by  the  Air  Force  and  then  the  equipment 
was  tested.  It  disintegrated.  In  wartime  the 
solution  was  easy.  Two  flight  officers  were 
brought  in  and  two  chairs  were  welded  to  the 
vibration  table.  The  officers  agreed  that  the 
equipment  couldn't  take  It,  nor  could  they,  so 
the  spec  was  altered.  He  was  concerned  that 
there  was  no  such  approach  today. 

Mr.  Weixler  said  he  had  gotten  the  im¬ 
pression  that  only  items  that  were  over- 
designed  passed  the  tests  today.  Was  this 
correct? 

Mr.  Silverberg  replied  that  items  which 
pass  tests  today  are  overdesigned,  in  parts  of 
the  spectrum.  If  one  assumes  that  the  test 
levels  for  components  were  justified  at  one  or  at 
many  frequencies,  he  then  finds  that  in  the  tests 
a  sinusoid  may  be  superimposed  on  the  ranctom 
excitation  and  swept  across  the  spectrum.  It 
would  be  true  to  say  that  this  component  would 
not  experience  this  level  at  all  frequencies  in 
the  field.  In  this  respect  then,  only  an  over- 
designed  component  could  pass  the  test.  "This 
costs  us  wei^t,  time,  and  money  at  the  compo¬ 
nent  level,  but  it  saves  us  at  the  system  level. 
Remember  that  I  think  of  systems  in  terms  of 
satellite  vehicles  and  in  terms  of  literally 
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millions  of  dollars.  If  you  lose  us^ul  informa¬ 
tion  from  a  system  because  of  the  failure  of  two 
components  on  it,  you  feel  rather  ridiculous.  We 
try  to  avoid  taking  any  suck  risk.  At  the  compo¬ 
nent  level,  we  do  overtest  severely.  At  the  sys¬ 
tem  level,  I  mentioned  that  we  test  as  closely  as 
we  can  predict  to  the  level  of  a  flight,  because 
some  failures  in  the  system  Just  won't  occur 
unless  you  get  up  that  high.  There  we  penalize 
ourselves,  in  that  we  design  a  system  that  has 
to  e]q>erience  the  environment  twice.  This  too, 
isn't  a  happy  thought,  particularly  welghtwise  in 
a  system.  We  really  scrimp  and  just  barely  get 
that  quality  and  reliability,  which  is  our  go^, 
into  the  design.  I  think  that  at  the  price  you  pay 
for  the  system,  you  are  willing  to  overdesign  the 
small  parts." 

Mr.  Weixler  replied  '1  wonder  if  you  mean 
overdesign  or  designing  with  Lusser's  testing 
concept  in  mind.  Lusser  says  that  you  find  out 
what  the  ultimate  stress  is  and  measure  your 
safety  margin  below  that.  I  believe  that's  what 
you  mean  when  you  say  you  design  to  twice  the 
anticipated  environmental  stresses." 

Mr.  Silverberg:  '1  didn't  say  to  design  to 
twice  the  anticipated  environment.  For  the  com¬ 
ponents  I  design  to  about  five  times  the  sys¬ 
tem's  environment,  but  I  anticipate  that  at  some 
of  the  frequencies  of  the  spectrum  the  compo¬ 
nent  will  actually  e:q>erlence  these  environ¬ 
ments.  The  difficulty  is  that,  in  the  test,  the 
component  will  experience  these  levels  at  all 
frequencies,  while,  in  the  environment,  they  will 
only  experience  them  at  particular  frequencies. 
From  the  point  of  view  that  there  are  frequen¬ 
cies  where  you  are  designing  to  hi|d>  levels  that 
do  not  occur  in  flight,  the  thing  is  overdesigned." 

The  Chairman  made  the  point  that  test  pro¬ 
cedures  and  the  specs  which  called  for  them 
were  not  moral  questions.  It  was  not  a  question 
of  fair  or  unfair  tests,  but  of  useful  tests  and 
tests  which  were  not  useful.  The  basic  purpose 
was  to  achieve  a  satisfactory  level  of  reliability. 
Ansrthing  which  helped  toward  this  end  would  be 
appreciated. 

Mr.  Armstrong  went  on  to  describe  a 
management  technique  which  might  be  of  use  in 
the  controversy  between  designers  and  testers. 

'1  am  particularly  interested  in  this  technique 
because  1  am  its  victim.  I  spent  14  years  in  the 
shock  and  vibration  teat  business,  mostly  con¬ 
cerned  with  rather  hig^  level  shock.  I  don't 
really  feel  comfortable  at  less  than  about  5000 
g.  At  the  end  of  that  time,  when  I  had  made  a 
large  collection  of  friends  among  the  design 
groups  and  had  been  called  many  things,  1  was 
put  in  the  design  business  where  I've  been  for 
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the  last  5  years.  In  my  case,  it  certainly  has 
given  me  a  great  appreciation  for  both  sides. 
Now  I  look  back  to  see  who  is  responsible  for 
the  horrible  test  which  is  beating  up  my  designs 
and  find  out  that  I  have  nothing  to  say.  Maybe 
this  technique  could  be  used  In  some  isolated 
instances." 

Mr.  Davis,  General  Electric,  raised  the 
subject  of  acoustic  testing.  At  General  Electric, 
they  wished  to  simulate  the  high  level  vibration 
experienced  at  launch  and  at  max  q,  but  they 
realized  that  the  main  cause  of  the  vibration 
was  the  acoustic  environment  at  launch  and  the 
fluctuating  pressures  induced  by  the  turbulent 
boundary  layer  at  max  q.  They  were  giving 
serious  thought  to  the  possibility  of  an  acoustic 
noise  test  on  a  system  as  a  better  means  of  sub¬ 
jecting  components  to  the  vibration  environment 
they  were  likely  to  experience  in  service.  With 
an  ordinary  vibration  test,  the  higher  frequen¬ 
cies  might  never  reach  the  componeiks  because 
of  structural  attenuation.  With  acoustic  excita¬ 
tion,  however,  frequencies  of  SOO  to  1000  cps 
may  be  seen  by  the  components  mounted  on, 
say,  panels  directly  excited  by  the  noise.  He 
asked  Mr.  Silverberg  what  he  thought  of  such  a 
procedure. 

Mr.  Silverberg  replied,  "If  you  could  show 
me  an  acoustic  chamber  that  could  produce  the 
environment  you  want  instead  of  a  chamber 
which  gave  only  a  certain  number  of  discrete 
frequencies,  as  most  acoustic  chambers  really 
do,  and  if  you  could  show  me  a  good  test  plan, 
I'm  all  in  favor  of  it." 

Mr.  Switz  brought  up  a  point  which  he 
thought  had  been  overlooked.  "If  you're  on  a 
system  qualification  basis,  what  happens  when 
one  of  your  components  falls  during  your  sys¬ 
tem  test?"  Should  one  replace  the  failed  com¬ 
ponent?  If  one  does  so,  is  it  then  fair  to  sub¬ 
ject  the  structure  and  other  components  to  the 
same  environment  again?  What  happens  if 
another  component  falls  op  the  second  test,  and 
so  on?  How  does  one  solve  this  problem?  By 
his  reasoning,  there  was  no  answer.  The  sys¬ 
tem  route  cqidd  be  very  costly  both  in  time  and 
money.  He  had  known  two  cases  where  flight 
dates  were  missed,  by  months,  because  every¬ 
thing  was  'hung'  on  the  system  test.  The  day 
for  the  test  came;  the  system  failed;  and  they 
had  had  to  go  back  and  redesign.  Mr.  Switz  was 
convinced  that  it  failed  because  they  tested  at 
levels  which  were  too  high. 

ANALYSIS  VERSUS  TESTING 

Mr.  Nankey,  General  Electric,  discussed 
the  role  of  analysis.  He  said,  '1  feel  a  very 


important  factor  in  this  matter  has  been  absent 
from  the  discussion;  the  role  of  analysis  in  the 
testing  program.  Analysis  can  be  made  at  vari¬ 
ous  design  states— at  the  component  level,  at  the 
subassembly  level,  at  the  assembly  level,  and  at 
the  entire  system  level.  Distribution  of  analyti¬ 
cal  woric  done  along  the  way  determines,  to  a 
very  great  extent,  how  much  testing  is  required 
at  each  level.  We  really  have  three  ways  to 
determine  the  progress  of  a  design  and  to  pre¬ 
dict  how  well  it  will  work  out.  We  can  use  past 
experience,  theoretical  analysis,  and  testing. 
They  are,  to  a  certain  extent,  interchangeable. 

In  many  cases  at  the  component  level,  we  can 
make  an  analysis  that  completely  obviates  the 
need  for  test,  or  we  can  rely  on  a  past  eiqperi- 
ence.  Past  ejqperience  tells  us  that  we  will  have 
vibration  troubles  if  we  install  capacitors  with¬ 
out  any  support  other  than  their  leads.  Testing 
just  isn't  required  in  a  case  like  this,  since  we 
have  another  means  of  determining  the  factors . , 
affecting  reliability." 

Mr.  Harvey  replied  that  he  believed  the 
next  proposed  issue  of  the  Navy  high  impact 
shock  spec  was  to  make  use  of  dynamic  analy¬ 
sis,  in  some  cases,  in  lieu  of  an  actual  test.  He 
did  not  know  when  it  would  be  out. 

Mr.  Lunney  also  commented  on  this  sub¬ 
ject.  He  said,  "One  of  the  motives  for  testing, 
especially  qualification  testing,  that  we've  had 
drummed  into  us  is  that  you  are  demonstrating 
that  the  performance  of  the  system  or  compo¬ 
nent  will  meet  detail  or  model  specification  re¬ 
quirements,  not  general  specification  require¬ 
ments.  I  feel  that  dynamic  analysis  plays  its 
major  role  in  writing  the  specification  to  give 
you  realistic  design  criteria  and  testing  proce¬ 
dures.  This  is  where  analysis,  especially  in 
these  way -out-yonder  type  of  programs  tint 
we're  in  today,  has  to  be  employed,  for  example, 
in  predicting  the  launch  vibration  environment 
for  a  command  module  on  the  moon,  where  we 
have  an  entirely  novel  set  of  circumstances. 

This  is  where  analysis  can  really  support  and 
defend,  or  generate,  a  testing  procedure." 

Mr.  Bakalish,  Martin  Company,  said  he  had 
interpreted  Mr.  Nankey's  comments  somewhat 
differently.  At  Denver,  he  was  primarily  con¬ 
cerned  with  failure  analysis,  or  what  he  pre¬ 
ferred  to  call  the  autopsy  method,  and  he  be¬ 
lieved  that  this  method  was  often  Ignored.  His 
earlier  concept  had  been  that  design  engineers 
were  ignoring  the  environment;  now  that  he  was 
amongst  them,  he  found  that  both  the  environ¬ 
mental  people  and  the  design  people  were  ignor¬ 
ing  the  obvious.  "Just  because  we  subject  an 
item  to  vibration  or  shock  and  it  fails,  we  say 
that  that  item  has  to  be  redesigned  because  of 
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the  shock  or  vibration  environment.  The  obvi¬ 
ous  point  Is  that  It  was  probably  too  poor  a  de¬ 
sign  even  to  operate  on  a  bench  without  the  dy¬ 
namic  environment.  This  is  the  point  I  think  we 
are  missing.  We  are  putting  the  cart  before  the 
horse.  We  have  to  use  this  experience  of  fail¬ 
ure  and  autopsy  to  determine,  before  we  go  into 
the  environment,  just  what  the  proper  design 
should  be. 

Mr.  Nankey  agreed.  He  wanted  to  question 
the  panel  on  the  relationship  of  analysis  to  test¬ 
ing,  not  to  Imply  that  any  particular  agency  was 
at  fault,  but  that  not  enou^  was  being  done.  He 
felt  this  suOject  had  a  strong  relationship  to  the 
proper  balance  between  component  and  system 
testing.  If  an  adequate  analysis  could  be  made, 
or  If  past  experience  with  similar  systems  was 
applicable  and  the  answer  was  known  to  begin 
with,  testing  need  not  be  performed  at  every 
level  of  the  design;  however,  when  the  final 
assembly  of  the  complete  system  was  reached. 
It  would  have  to  be  tested.  This  would  be  the 
time  to  perform  the  qualification  tests.  He  did 
not  want  to  Imply  that  this  was  not  necessary. 


f  THE  STRUCTURAL  PROBLEM  IN 
I  THE  SYSTEMS  TEST 

I 

I  Mr.  Davis  said  that  the  problem  his  group 

I  faced  was  that  the  systems  test  was  a  structural 
i  test.  There  had  been  cases  where  secondary 

(and  even  primary  structures  In  a  satellite  had 
failed  during  laboratory  vibration  tests.  This 
I  could  be  very  disturbing,  particularly  conslder- 
I  Ing  that  the  excitation  In  the  test  was  only  in  one 
I  plane  and  not  three  planes  as  in  flight.  What 

I  was  even  more  perplexing  was  that  the  same 

I  vehicle  that  failed  In  the  laboratory  had  flown 
I  successfully  several  times  with  no  Indication  of 
I  structural  failure.  Mr.  Davis  believed  that.  If 
one  were  to  examine  the  loads  put  Into  the 
I  structure  in  the  system  tests  and  to  try  to  ex- 

i  trapolate  to  what  the  loads  would  have  been  on 

I  the  other  side  of  the  missile-satellite  Interface, 
it  would  be  found  that  the  missile  should  have 
]  brcdien  apart  well  before  the  satellite  did. 

‘  Mr.  Switz  thanked  Mr.  Davis  for  raising  an 

I  important  point.  Mr.  Switz  felt  that  we  got  into 
I  situations  such  as  had  been  described  because 
I  all  too  often  we  hxdc  flight  measurements  and 
I  then  inferred  that  these  were  representative  of 
I  Inputs  to  the  entire  system,  rather  than  Inputs 
I  to  black  boxes.  These  rather  high  levels  were 
I  then  used  to  generate  long  duration  tests  which 
I  people  felt  were  necqssary  to  demonstrate  sys¬ 
tem  reliability.  Often  the  equipment  people  had 
not  had  enough  experience  with  a  certain  part  to 
know  what  It  could  take,  whereas  a  man  in 


t 
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structures  could  tell  to  four  significant  figures 
what  a  rivet  could  take.  The  point  was  that  the 
structures  people  did  not  need  the  Increased 
level  of  intensity  and  longer  time  which  the 
electronic  people  needed.  So  his  answer  to  Mr. 
Davis  was  first,  that  there  was  an  unfair  extra¬ 
polation  from  flight  data;  flight  data  should  not 
be  used  in  that  fashion.  Second,  the  boundary 
conditions  in  the  lab,  the  shaker  fixture,  and  so 
on,  were  probably  very  unrealistic  and  did  not 
appear  to  the  satellite  as  the  booster  did.  Third, 
the  load  path  was  entirely  different. 

Mr.  Switz  reiterated  his  belief  that  the 
most  severe  dynamic  loads  were  not  imparted 
to  a  structure  by  engine  pulsations  transmitted 
the  length  of  the  missile,  but  were  induced  by 
higher  frequency  modes  excited  by  aerodynamic 
turbulence,  buffeting,  and  so  on.  He  maintained 
that  an  electrodynamic  shaker  was  not  a  simula¬ 
tion  of  this  environment. 

Mr.  Silverberg  pointed  out  that  the  reason  vi¬ 
bration  tests  were  specified  In  only  one  plane 
at  a  time  was  that,  in  general,  systems  were 
excited  by  a  force  at  their  base  or  at  one  point. 

To  shake  a  system  laterally  as  well  would  re¬ 
quire  Input  of  a  displacement  and  a  rotation, 
and  the  ratio  between  the  two  would  have  to  vary 
at  all  frequencies  because  the  equation  of  motion 
of  lateral  vibration  was  a  fourth  order  differen¬ 
tial  equation.  Since  this  could  not  be  simulated 
by  putting  in  a  displacement,  they  did  not  try  at 
all.  Nor  could  they,  in  the  case  of  vibration, 
simulate  aerodynaniic  forces  distributed  over 
the  missile,  however  it  was  done  for  static 
loads  where  possible.  Regarding  the  structures 
argument  he  had  to  disagree  completely  with 
Mr.  Switz.  He  said,  '1  mentioned  before  that 
many  vehicles  use  the  same  boosters  and  many 
of  them  use  the  Agena  that  the  Lockheed  Com¬ 
pany  produces.  There  is  a  great  deal  of  flight 
data  available  on  the  Agena.  For  vehicles  that 
use  this  booster,  which  have  roughly  the  same 
configuration  and  weigh  about  the  same  as  past 
vehicles,  this  data,  taken  on  hard  structure,  in¬ 
dicates  what  motion  was  experienced  at  that  in¬ 
terface.  If  I  put  that  motion  into  the  system, 
whether  it's  through  a  shaker  or  otherwise,  and 
don't  worry  about  the  force  needed  to  put  in  that 
motion,  the  motion  above  that  station  will  follow 
appropriately  at  every  frequency.  The  system 
isn't  linear,  whether  it's  being  shaken  in  fli^t 
or  not.  I'm  limiting  myself  to  axial  vibrati<ms 
because  I've  already  indicated  that  we  don't  do 
lateral  vibrations." 

Mr.  Steinberg  commented,  "At  the  Army 
Missile  Comnuuid  we  see  that  everything  is 
strength  oriented  rather  than  time  oriented.  In 
our  Army  contracts  we  have  a  specification 
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requiring  that  the  safety  margin  be  demonstrated 
to  lour  standard  deviations  above  the  reliability 
boundary.  This  means  that,  even  (or  electronic 
equipment,  we  ask  that  a  test-to-(ailure  pro¬ 
gram  be  initiated  to  show  that  the  safety  margin 
exists.  Of  course,  a  safety  margin  initially 
means  the  risk  is  high  and  there  is  a  gross  lack 
of  knowledge  of  the  existing  ambient  environ¬ 
ment  in  the  mission.  Where  you  start  out  with 
specifications  and  the  spread  is  very  great,  the 
safety  margins  show  a  wider  spread  than  safety 
factor.  As  you  begin  to  produce  the  item,  to 
maintain  your  quality  control  and  begin  to  know 
something  more  about  the  ambient  environment, 
there  is  less  spread  and  this  safety  margin  be¬ 
comes  less  stringent  than  the  safety  factor. 
Either  way  I'm  sure  that  there  must  be  some 
compromise  between  everything  being  time 
oriented  and  everything  being  strength  oriented. 
We  require  a  contractor  to  demonstrate  a  reli¬ 
ability  number.  By  the  mean  time  between 
failures  (MTBF)  concept,  a  number  is  set  up  at 
a  confidence  limit  to  show  that  this  MTBF  has 
been  attained.  When  trying  to  come  up  with 
techniques  to  demonstrate  the  safety  margin 
and  also  a  reliability  figure,  Mr.  Jim  Norman, 
former  Technical  Director  at  ARGMA,  dis¬ 
covered  a  procedure  based  on  the  test  to  fail¬ 
ure.  The  title  of  his  report  is  'Estimating 
Reliabilities  of  Function  Stress-Strength  Data.' 
Using  our  contract  requirement  of  4  sigma 
dispersion  around  the  yield  point  will  give  a 
reliability  of  eight  nines.  I  think  this  will  be 
quite  helpful  and,  of  course,  as  our  knowledge 
becomes  greater  and  the  people  who  use  the 
product  get  more  confidence  and  knowledge 
about  the  system,  their  risk  becomes  less." 


SPEanCATION  REQUIREMENTS 
VERSUS  FLIGHT  TESTS 

Mr.  Stallard,  AVCO  Corporation,  said  he 
wished  to  expand  upon  some  points  made  by  Mr. 
Lunney  and  Mr.  Bakallsh  concerning  compo¬ 
nents.  The  component  designer  was  usually 
presented  with  a  contractual  document  which 
specifies,  in  detail,  the  environments  the  com¬ 
ponents  must  withstand.  He  then  set  about  de¬ 
signing  to  these  environments.  There  might  be 
argument  on  how  this  should  be  done,  for  in¬ 
stance  would  one  design  differently  (or  20  g  and 
10  g?  He,  Mr.  Stallard,  doubted  it  and  would 
Just  design  to  the  best  of  his  ability  to  withstand 
the  military  environments  involved.  Now  be¬ 
cause  of  the  time  scale,  the  component  manu¬ 
facturer  would  be  building  components  and,  in 
the  meantime,  the  missile  manufacturer  would 
be  assembling  airframes  and  needing  compo¬ 
nents  to  fill  ^  holes.  As  a  result,  a  number 
of  components  were  often  brou^  in  on  open 


rejection.  These  items  would  not  pass  accept¬ 
ance  tests,  but  somehow  missiles  were  sold  with 
these  open  rejection  items  covered  by  alternate 
design  change  notices.  Then,  after  q^te  a  few 
R&D  vehicles  had  been  fired  without  flight  fail¬ 
ures,  it  would  become  clear  that  the  components 
in  question  did  work.  Mr.  Bakalish  had  sug¬ 
gested  that  components  not  passing  the  test 
would  not  woik  anyway,  but  experience  showed 
that  some  components  did  not  pass  the  test  but 
did  not  fall  in  flight.  "Then,  when  it  comes  to 
the  qualification  of  these  components  to  the 
original  documents  in  the  contract,  the  specifi¬ 
cation  levels  are  reduced.  We  are  accused  of 
making  a  contract  or  a  specification  to  fit  the 
component  and  I  think  this  is  done  quite  often. 

I  think  system  tests  in  our  large  complex  ve¬ 
hicles  are  more  or  less  the  flight  tests  them¬ 
selves.  It's  just  like  in  the  airplane  days  when, 
after  the  taxiing  up  and  down  the  runway,  sooner 
or  later  you've  got  to  fly.  Nobody  can  argue 
too  much  against  a  successful  flight.  I'm  going 
to  ask  if  the  panel  has  any  comments  to  make  on 
qualification  testing  of  components  versus  ac¬ 
tual  flight  data.  If  you  do  have  a  group  of  suc¬ 
cessful  flights  yet  cannot  pass  component  quali¬ 
fication,  the  contponent  manufacturer  will 
probably  tell  you  that  for  a  total  sum  of  so  many 
megabucks  he  will  be  very  happy  to  redesign 
your  component.  I  do  not  think  any  of  the  pro¬ 
curing  agencies  would  want  to  cough  up  a  few 
megabucks  to  redesign  a  component  that  flies  in 
a  missile  successfully.  If  you  are  a  missile 
manufacturer  the  re-entry  vehicle  is  a  compo¬ 
nent,  so  you  can  take  your  definitions  of  compo¬ 
nents  as  you  wish." 

Mr.  Lunney  replied,  'In  the  re-entry  vehi¬ 
cle  design  development  effort  that  we're  con¬ 
cerned  with,  the  contractor  prepares  detail  or 
model  specifications  which  establish  the  design 
requirements  for  a  component  or  a  system  as 
well  as  the  test  procedures  to  demonstrate  that 
these  requirements  have  been  met.  This  detail 
and  model  specification  is  coordinated  with,  and 
approved  by,  the  procuring  agency  through  a 
negotiation  to  agree  what  the  testing  conditions 
are  to  be  for  the  component  or  the  complete  re¬ 
entry  vehicle.  Therefore,  you  might  say  the 
contractor  is  just  as  culpiUDle  as  the  procuring 
agency  whether  the  specification  is  a  good  one 
or  bad  one.  In  the  present  state  of  the  art,  a  lot 
of  these  environmental  conditions  are  pinned 
right  down  in  the  same  way  as  some  of  the  old 
aiircraft  environmental  conditions.  This  being 
the  case,  we  should  have  a  feedback  from  flight 
testing  to  our  specification  people,  to  our  plan¬ 
ners,  and  so  on,  so  that  we  are  continuously  im¬ 
proving  specifications.  This  can  be,  and  is  be¬ 
ing,  done  today  on  the  detail  and  the  model 
specification  level  (or  a  particular  weapons 
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system  program.  General  specifications  which 
are  published  by  the  military  are  ordinarily 
considered  guidance  documents,  to  be  used 
really  if  nothing  else  is  available.  They  are 
supposed  to  represent  the  current  state  of  the 
art.  Some  of  them  have  been  updated,  i.e.,  MIL 
STD  810  which  still  has  a  lot  of  loop  holes,  but 
at  least  is  a  step  in  the  right  direction.  I  do 
want  to  stress  that  I  feel,  honestly,  that  the  con¬ 
tractor  is  just  as  culpable  as  the  procuring 
agency  when  we  start  talking  about  good  and  bad 
specifications." 

Mr.  Sutphin,  Martin  Company,  said,  "We 
have  been  able  to  demonstrate  in  a  flight  test 
program  that  we  can  have  14  or  15  successes 
out  of  15  flights.  In  that  same  flight  test  pro¬ 
gram,  we  may  have  had  some  of  the  components 
which  were  on  open  end  rejection.  The  company 
who  designed  those  components  would  be  justly 
proud  in  saying  that  their  components  demon¬ 
strated  flight  capability  in  a  flight  test  program, 
and  that  we  should  buy  them  regardless  of 
whether  or  not  they  meet  the  specification.  I 
feel  that,  although  that  may  be  true  in  some  par¬ 
ticular  cases,  it  is  very  dangerous  to  assume 
that  It  is  true  in  every  case  and  the  reason  is 
quite  simply  this.  In  our  flight  test  program,  I 
was  privileged  to  conduct  a  flight  on  a  crisp 
cool  morning  in  perfectly  ideal  terrain  at  one  of 
our  local  test  sites.  Say,  for  example,  that  the 
missile  had  an  electric^  item  which  I  know  will 
malfunction  at  225°  F,  now  on  my  ideal  day  it 
may  be  perfectly  true  that  that  item  will  not  see 
225°F  at  my  test  site.  If,  however,  I  were 
forced  to  fire  from  an  Installation  in  North 
Africa,  I  might  see  300° F  on  the  same  item. 
Now,  I'm  not  willing  to  buy  a  component  which 
will  work  Ideally  on  my  ideal  day  when  I  know 
that  I  will  be  required  at  some  time  to  use  that 
same  item  under  adverse  conditions."  Mr.  Sut¬ 
phin  said  he  believed  there- were  two  causes  for 
this  situation.  One  of  them  was  the  short  time 
for  design  and  fabrication  under  contractual 
obligation.  The  second  lay  in  the  difference  be¬ 
tween  the  general  specification  written  for  the 
weapon  system  and  the  specifications  written 
for  individual  components  and  sent  out  to  com¬ 
ponent  vendors.  The  two  were  not  easily  com¬ 
patible.  The  basic  problem  was  the  misinter¬ 
pretation  of  input  and  response  and  the  fact  that 
these  two  were  often  inserted  indiscriminately 
and  without  justification. 

Mr.  Steinberg  wondered  what  was  a  suc- 
cesjful  mission.  Recently  he  had  been  operat¬ 
ing  with  flight  vehicles  where  a  great  many  mal¬ 
functions  were  tolerated  and  the  system  was 
still  said  to  be  successful.  How,  for  instance, 
did  one  grade  the  static  firing  of  a  liquid  en¬ 
gine?  In  one  firing,  a  1000-g  vibration  had  been 


measured  in  the  thrust  chamber  and,  even 
though  the  tubes  had  exhibited  structural  weak¬ 
nesses  and  there  had  been  considerable  leakage, 
the  test  was  considered  successful.  This  sort 
of  thing  coulid  become  quite  a  game.  He  re¬ 
membered  in  the  Army  a  few  years  back  there 
had  been  a  system  considered  highly  unreliable. 
This  problem  was  solved  by  increasing  the  miss 
distance  by  a  factor  of  3  and  the  system  was  . 
suddenly  reliable.  Another  example  was  a  mis¬ 
sile  ground-based  automatic  checkout  equipment, 
one  of  the  most  unreliable  components  of  a  sys¬ 
tem.  Should  this  item  be  considered  part  of  the 
system  or  not?  It  was  a  question  of  changing 
the  ground  rules.  The  Initial  specifications 
were  written,  then  as  experience  was  gained, 
opinions  would  be  changed  and  some  parts  would 
be  said  not  to  be  critical.  Some  parts  might  be 
deleted  altogether  and  the  flight  would  still  be 
successful. 

Mr.  Harvey  also  spoke  on  the  subject  of 
accepting  items  under  performance  limitations. 
They  were  all  under  some  form  of  pressure  to 
get  equipment  built  and  in  operation,  but  this  did 
not  help  to  get  the  real  environment  established. 
It  could  not  always  be  tine  weather  when  sub¬ 
marines  went  to  sea.  Often  the  boats  went  out 
and  as  soon  as  they  returned  the  bits  were  taken 
off  to  try  and  find  what  had  gone  wrong.  This 
troubleshooting  was  what  he  called  true  system 
testing.  He  did  want  to  be  able  to  simulate  the 
damage  experienced  at  sea  and  to  be  able  to 
determine  the  actual  cause  of  the  malfunction. 
Surely  nobody  wanted  to  change  that 
requirement. 

Mr.  Silverberg  cited  the  case  of  a  system 
that  was  having  a  great  deal  of  difficulty  in  fly¬ 
ing  a  successful  mission.  It  had  not  yet  finished 
its  qualification  tests.  He  thought  it  fair  to  say 
that  the  Air  Force  and  Aerospace  had  learned 
a  great  deal  from  this  experience  and  it  would 
not  happen  again.  Priorities  had  now  been 
changed  and  reliability,  wMch  really  meant 
testing  to  the  hilt,  had  been  placed  in  front.  Air 
Force  generals  were  now  saying  that  this  thing 
must  fly  right  the  first  time.  You  could  not  do 
this  with  open  rejection  components.  You  did 
not  take  that  risk. 

Mr.  Stem,  General  Electric,  thought  one 
basic  consideration  had  not  been  mentioned. 

Who  was  to  pay  the  piper?  In  the  contracts  he 
had  been  concerned  with,  the  time  from  contract 
to  delivery  was  very  short  and  the  costing  had 
been  done  very  carefully.  There  was  no  time 
nor  money  for  give  and  take  between  the  de¬ 
signer  and  test  engineer.  AGREE  testing  had 
been  mentioned.  His  group  was  doing  AGREE 
testing  on  a  system  and  right  now  they  had  to 
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buy  16  vibrators.  For  another  program,  they 
would  have  to  buy  20  more.  Who  wanted  to  pay 
for  this?  The  answer  largely  determined  what 
kind  of  a  program  one  had,  and  what  kind  of 
testing  one  did. 

Mr.  Steinberg  replied,  "The  government 
puts  these  requirements  on  you  as  a  developing 
agency.  The  test  programs  are  to  fulfill  these 
requirements  and  In  many  cases  we  fund  sepa¬ 
rately  for  them.  In  the  case  of  the  large  liquid- 
fuel  rocket  engines,  we  have  a  gigantic  test  pro¬ 
gram  that  Is  quite  expensive.  If  you  want  a 
series  of  engines  for  a  Saturn  system  and  you 
would  like  to  use  these  in  flight,  you  have  to  give 
us  at  least  4-year  lead  time.  In  one  of  the  new 
projects  that  we  have  underway  right  now,  we 
are  funding  more  heavily  on  facilities  than  we 
are  on  the  development  program.  For  this  par¬ 
ticular  engine,  the  fuel  alone  for  one  static  fir¬ 
ing  costs  $300,000,  so  that  the  matter  of  eco¬ 
nomics  is  one  of  great  concern.  We  try  to 
program  and  plan  for  this  at  the  inception  of 
the  program.  As  to  whether  It  is  more  econom¬ 
ical  to  do  it  on  a  component  or  a  systems  test 
basis,  I  have  to  go  back  to  my  Army  experience. 
The  system  does  not  exist  at  the  inception  of 
the  contract,  so  it  is  more  economicsd  to  test  at 
the  part  or  component  level  at  that  point.  Either 
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way  the  burden  is  on  the  government  to  pay  for 
all  these  things  that  we  keep  asking  for.  In 
most  of  the  industrial  concerns  I've  visited,  I 
have  noticed  that  on  almost  every  shake  table 
there  is  a  little  (daque  saying,  'Property  of  the 
U.  S.  Navy  -  U.  S.  Air  Force  or  U.  S.  Army.'" 

Mr.  Lunney  commented,  "I  would  like  to  go 
out  on  a  limb  and  suggest  that,  as  a  tight  sched¬ 
ule,  minimum  dollar  cost  program  for  qualifi¬ 
cation,  you  take  a  crack  at  systems  testing. 
When  you  are  dealing  with  a  prototype,  how¬ 
ever,  you  are  going  to  run  into  failures  of  com¬ 
ponents  of  that  system.  We've  gone  through 
this  now  in  two  programs  where  our  systems 
have  gone  to  pot  because  of  components  and 
interdependence  failures.  We  then  had  to  go 
back  to  component  testing  and  corrective  action 
after  failure  reporting,  and  so  on,  until  we  got 
the  system  qualified.  As  you  develop  design 
maturity  and  revise  the  design,  your  calculated 
risk  should  be  continually  decreasing  because 
you  are,  hopefully,  improving  the  product.  So  I 
think  that  system  testing  on  prototypes  is  prob¬ 
ity  the  most  economical  and  also  the  short 
time  way  to,  we'll  say,  qualification  success, 
but  you  may  fall  flat  on  your  face  and  end  up 
doing  a  complete  component  program." 
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Section  6 

PANEL  SESSION  III 


THE  RELATIONSHIP  OF  SPECIFICATION  REQUIREMENTS 
TO  THE  REAL  ENVIRONMENT 


Moderator  -  Or.  R.  M.  Mains,  General  Electric  Company 

Panelists  -  Mr.  Paul  Hahn,  Martin  Marietta  Corporation 

Mr.  F.  J.  Lindner,  USA  Engineer  RttD  Laboratories 
Dr.  I.  Vigness,  USN  Research  Laboratory 
Mr.  K.  Ruby,  Motorola  Inc. 

Mr.  F.  P.  lUein,  Aerospace  Corporation 


An  edited  version  of  the  discussion  during  this  panel  session  follows. 
Not  all  comments  were  included  since  some  repeated  statements  that 
had  been  made  previously. 

The  remarks  during  this  8ee.sion  were  not  such  that  they  could  be  sepa¬ 
rated  according  to  subject.  The  discussion  is  therefore  setdown  in  the 
order  in  which  it  happened. 


DISCUSSKXI 

Opening  the  discussion,  Mr.  S.  Baber,  of 
Boeing,  asked  how  combined  envirtHunents 
should  be  bandied  where  there  are  three  planes 
of  vibration  and  a  programmed  temperature 
and  altitude  cycle  to  simulate  at  the  same  time.  ~ 

Mr.  Klein  responded  that  a  specification 
usually  does  not  call  out  this  kind  of  a  test  when 
it  covers  acceptance,  qualification,  or  flight 
proofing  requirements.  He  indicated  that  the 
Intent  of  the  specification  should  be  clear  in  the 
way  that  it  is  written.  If  a  combined  otvlron* 
mental  test  is  required,  it  should  be  relatively 
easy  to  perform  by  conventional  laboratory 
means.  He  asked  Mr.  Baber,  "Doesn't  the  kind 
of  requirement  you  are  discussing  relate  to  an 
RftD  problem  in  your  company  ?" 

Mr.  Baber  said  that  actually  he  was  con¬ 
cerned  with  deriving  the  specifications.  "We're 
getting  involved  with  running  temperature  tests 


up  to  2000  or  3000  degrees,  combined  with 
vibration.  We're  running  many  tests  on  humans 
in  which  we  must,  prior  to  flight,  simulate  tlie 
complete  profile.  We  must  therefore  come  up 
with  a  specification  to  reveal  the  operational 
characteristics  of  the  human  or  component." 

Mr.  Klein  felt  that  Mr.  Baber  had  brought 
up  a  very  interesting  point  in  that  many  of  the 
discussions  during  the  Symposium  had  con¬ 
cerned  performing  a  test  to  provide  the  basis 
for  a  specification.  In  reality,  the  intent  is  that 
specifications  should  be  based  upcm  life  profile 
which  may  start  at  the  factory  and  run  through 
the  re-entry  phase.  Mr.  Klein  also  thou^t  that 
more  should  be  done  to  define  the  environments 
by  measurements,  during  this  period,  so  that 
the  specification  can  be  written  without  regard 
to  the  ability  of  the  environmental  engineer  or 
the  test  equipment  to  perform  the  test.  Even 
though  there  may  be  limitations  to  these  abili¬ 
ties,  the  requirement  still  exists  and  must 
somehow  be  met. 
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Mr.  A.  Lynn,  of  Lockheed,  mentioned  that 
he  had  recently  run  into  a  number  of  cases 
where  tests  required  to  prove  a  package  had 
damaged  the  packaged  article.  He  gave  exam¬ 
ples  and  said  that,  at  Lockheed,  they  recognized 
that  the  parts  would  be  damaged  if  they  went 
through  the  cycle  of  package  tests  that  were 
specified.  Attempts  to  feed  this  information 
back  to  the  services  were  unsuccessful.  Mr. 

Lynn  asked  about  coordination  of  specifications 
and  whether  the  requirements  in  the  specs  were 
correlated  with  the  problem. 

Mr.  Lindner  responded  that,  in  most  cases, 
specifications  are  coordinated  and  that,  in  many 
cases,  a  general  environmental  specification  is 
used  as  a  basis  for  the  particular  item  require¬ 
ments.  He  asked,  "Who  specified  the  cushion¬ 
ing  for  these  items?" 

Mr.  Lynn  said  that  he  didn't  know  who 
specified  the  package,  but  that  it  was  not  com¬ 
patible  with  the  basic  specification  for  the  part; 
sometimes  this  was  a  result  of  the  item  docu¬ 
ment  being  too  highly  classified.  He  complained 
that  some  designers  will  not  accept  responsi¬ 
bility  for  the  full  life  of  the  item  and,  appar¬ 
ently,  in  these  cases  the  packages  are  designed 
without  any  regard  for  the  item. 

Mr.  Lynn  also  said,  "The  government  itself 
is  guilty  of  causing  a  great  deal  of  difficulty  be¬ 
cause  they  have  a  requirement  that,  for  any 
item  over  a  certain  weight,  they  issue  the  bill 
of  lading.  If  an  item  is  prepar^  for  air  trans¬ 
portation,  the  government  bill  of  lading  may, 
after  the  item  is  packaged,  specify  a  freight 
move;  this  can  cause  great  difficulties." 

Mr.  Lindner  was  not  familiar  with  the  bill 
of  lading  problem,  but  said  that  the  main  prob¬ 
lem  seemed  to  be  one  of  communication  be¬ 
tween  the  design  engineer  and  the  packaging 
engineer. 

Mr.  Lynn  agreed  and  said  that  organiza¬ 
tional  problems  sometimes  prevented  commu¬ 
nications  until  the  final  stages  of  a  project.  He 
again  questioned  the  willingness  of  designers  to'" 
accept  responsibility  for  the  item  to  the  point 
of  use  and  said  that,  if  the  interim  environ¬ 
ments  were  well  established,  there  shouldn't  be 
any  difficulty. 

Mr.  Klein  thought  the  answer  to  the  ques¬ 
tion  was  even  more  fundamental.  He  said,  'It 
is  not  the  responsibility  of  the  designer  to  de¬ 
sign  all  of  the  tests.  The  intent  of  the  military 
specification  is  to  provide  the  applicable  docu¬ 
ments  pertaining  to  the  delivery  of  hardware. 

In  addition,  the  customer  is  obligated  by 


requirements  in  documents  other  than  Just  the 
transportation  document,  such  as  the  reliability 
document.  The  reliability  engineer  is  respon¬ 
sible  to  design  a  life  test  requirement  or  to  de¬ 
termine  the  mean  time  between  failure  (MTBF) 
of  the  equipment  that  is  going  in  the  package 
concerned. 

"Apparently  there  has  been  an  Inadequate 
handling  of  the  specifications  in  the  contractual 
house.  There  are  many  kinds  of  tests,  includ¬ 
ing  R&D  tests,  to  find  certain  weaknesses  for 
the  designer,  and  there  is  the  reliability  test. 
Without  the  reliability  test  you  dcm't  have  a 
feeling  for  what  can  happen  under  repetitive 
conditions,  as  are  described  in  the  MIL  spec." 

Mr.  Noble,  of  ASO  I%iladelphla,  com¬ 
mented,  "Many  of  the  items  that  are  designed 
for  ideal  environments  are  subjected  to  envi¬ 
ronments  in  transportation  and  handling  that 
far  exceed  the  operating  conditions.  It  is  for 
this  reason  that  the  packaging  specs  are  written 
the  way  they  are.  By  the  way,  the  answer  to  the 
question  of  whether  or  not  the  packaging  re¬ 
quirements  are  coordinated  with  design  re¬ 
quirements  is  that  they  are.  If  they  are  not, 
it's  an  error." 

Mr.  Kerstetter,  of  NOL,  wanted  to  hear 
some  comments  on  early  design  criteria.  He 
asked,  "When  we  list  environmental  criteria  as 
one  of  our  design  objectives,  should  they  be 
only  limits  or  should  we  specify  exact  tests?" 

Dr.  Vlgness  replied,  "Normally,  when  you 
design  something,  you  begin  with  your  small 
components  and  would  like  to  know  what  these 
will  be  exposed  to.  Generally,  you  don't  have 
this  information,  but  only  information  as  to 
what  the  completed  structure  will  be  exposed 
to.  You  don't  have  specifications  for  the  indi¬ 
vidual  parts,  so  you  make  tests  as  you  go  along 
and  see  to  it  that  these  tests  are  always  in  ex¬ 
cess  of  the  specifications  for  the  completed 
equipment. 

'Tou  are  trying  to  get  the  equipment  as 
rugged  and  strong  as  you  can  under  practical, 
yet  economical  conditions.  If  it  is  relatively 
easy  to  make  the  equipment  much  stronger,  you 
do  so;  if  it  is  difficult,  ^ou  go  only  to  what  you 
think  the  conditions  might  be. 

"Sometimes  you  find  that  by  shortening  a 
wire  or  changing  the  natural  frequency  of  some¬ 
thing  you  can  make  it  much  better  than  it  was 
before.  It  is  these  developmental  tests  that  you 
work  with.  Run  it  through  a  vibration  or  a 
shock  test,  find  out  what  foils,  and  correct  it. 

Do  that  several  times  and  be  sure  that  it  is  at 
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least  several  times  as  strong  as  the  values 
specified  for  the  completed  equipment.  Don't 
worry  if  it's  a  lot  stronger  because  sometimes 
this  can  be  accomplish^  with  only  a  little  bit 
of  effort.  This  just  gives  you  a  safety  factor.” 

Mr.  Rouault,  of  GE,  suggested  that  the 
basic  difficulty  is  that  specifications  are  much 
too  broadly  written  and  live  too  long.  He  cited 
an  example  of  a  Signal  Corps  specification 
dated  in  1886  for  which  waivers  were  still  re¬ 
quired.  Mr.  Rouault  thought  that,  in  order  to 
overcome  this  difficulty,  the  problem  should  be 
defined,  analyzed,  and  clarified  by  a  reasonably 
broad  technical  study.  This  study  should  be  the 
basis  upon  which  specifications  of  limited  life 
could  be  issued.  Certain  numbers,  pertinent  to 
the  state  of  the  art  at  that  time,  would  be  incor¬ 
porated  in  the  specification.  If  the  specification 
were  given  a  limited  life,  say  5  years,  then 
there  would  be  a  means  by  which  a  change  of 
the  fundamental  spec  could  be  Initiated  by  ref¬ 
erence  to  the  basic  technical  study.  This,  im¬ 
plied  Mr.  Rouault,  would  avoid  the  horrendous 
difficulty  of  specs  which  have  long  outlived 
their  usefulness. 

Mr.  Hahn  commented  that  the  approach  to 
design  should  be  one  of  an  iteration  process 
where  such  a  spec  as  MIL-STD-810  would  be 
the  first  step  in  the  process.  He  suggested  the 
same  type  of  thing  to  develop  transient  loads 
which  end  up  as  equipment  environments.  The 
environment  finally  used  in  a  legal  document 
would  be  tlie  result  of  n  load  iterations.  Refer¬ 
ring  to  Mr.  Rouault's  suggested  spec  life  of  5 
years,  Mr.  Hahn  said  that,  in  some  cases,  the 
coordination  process  to  get  official  acceptance 
takes  longer  than  that. 

He  also  said,  "When  you  begin  a  program 
everybody  is  in  a  hurry.  You  subcontract 
things  and,  in  order  to  get  a  subcontractor  to 
build  something,  you  must  give  him  a  legal 
document  which  includes  a  specification.  He 
gets  the  spec  and  starts  working.  Then  it  be¬ 
gins  to  cost  money  and  you  want  to  tell  him  to 
redesign.  The  operating  procedure  should  be 
such  that  you  get  better  information  as  the  iter- 
aticm  process  continues,  then,  eventually,  you 
know  precisely  what  is  required  for  each  one  of 
your  individual  packages.” 

Dr.  Mains  added,  "MIL-STD-SIO  was 
written  as  a  military  standard  so  that  it  would 
not  be  a  specification  and  so  that  it  could  more 
readily  be  kept  up  to  date.  They  have  very 
carefully  avoided  calling  it  a  specification. 
Another  case  is  the  NRS  1,  a  tentative  spec  for 
the  design  of  reactor  pressure  vessels  and  as¬ 
sociated  components.  It  was  issued  again  as  a 


tentative  standard  with  the  specific  purpose  of 
revising  it  every  6  months,  if  need  be.  So, 
some  of  the  spec  writing  branches  of  the  gov¬ 
ernment  are  locdcing  forward  and  moving  along, 
and  not  using  1886  documents.” 

Dr.  D.  Westrope,  of  Lockheed,  asked  that 
Mr.  Klein  explain  the  difference  between  a  reli¬ 
ability  test  and  a  qualification  test  and  tell  what 
a  reliability  test  accomplished  that  a  qualifica¬ 
tion  test  did  not. 

Mr.  Klein  responded,  "Actually,  I  men¬ 
tioned  a  group  of  tests  of  which  the  reliability 
test  was  the  eventuality  of  all  the  prior  testing. 
The  QUAL  test  and  the  acceptance  test  have  a 
very  definite  place  in  our  series  of  tests. 
Finally,  and  hopefully  prior  to  the  first  use  of 
the  equipment  (when  it  is  ready  to  be  delivered), 
we  have  a  reliability  test  which  is  often  called 
the  demonstration  test.  At  this  point  you  at¬ 
tempt  to  meet  criteria  that  are  tied  to  the  risk 
of  your  program.  In  a  very  low-risk  program, 
the  demonstration  test  could  be  an  environ¬ 
mental  test  simulating  the  envircmment  of  the 
use  on  a  repetitive  basis,  to  prove  that  your 
hardware  can  stand  up  for  given  periods  of 
time. 

"On  the  other  hand,  we  are  Involved  every 
day  with  programs  for  the  Space  Systems  Divi¬ 
sion  of  the  Air  Force  where  there  are  only  two, 
three,  or  perhaps  four  flight  vehicles.  You 
can't  go  into  a  very  long  period  of  demonstra¬ 
tion  testing,  so  you  must  revert  to  high  risks 
or  risks  that  are  commensurate  with  the  objec¬ 
tives  of  your  program.  Understanding  these 
risks,  the  reliability  engineer,  in  conjunction 
with  the  environmental  people,  designs  a  test 
that  can  be  labeled  a  reliability  test.  It  should 
accumulate  all  the  environments  of  the  equip¬ 
ment  from  its  birth  to  death.  It  is  tniely  a 
demonstration  of  capability,  with  the  amount  of 
repetition  being  a  function  of  the  risk." 

Mr.  Westrope  asked  if  this  wasn't  done  in 
QUAL  testing. 

Mr.  Klein  indicated  that  it  wasn't,  since 
one  could  hardly  fly  a  piece  of  hardware  which 
had  experienced  long  repetitive  testing. 

Mr.  A.  Oppenheimer,  of  Walter  Dorwin 
Teague  Associates,  suggested  that  a  good  deal 
of  the  criticism  of  specifications  is  due  to  the 
fact  that  a  spec  is  often  abused.  He  believed 
that  a  spec,  if  used  properly,  was  a  very  useful 
tool.  Initial  performance  requirements  were 
only  best  guesses,  and  the  design  engineer 
should  see  to  it  that  the  requirements  were 
updated  as  the  state  of  the  design  advanced.  It 
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had  been  Mr.  Oppenhelmer's  experience  that 
government  agencies  were  very  coc^ratlve  In 
attempts  to  obtain  deviations  If  the  proper  ap¬ 
proach  was  used. 

Dr.  Mains  commented  that,  In  many  cases, 
the  lawyers  or  contract  officers  tended  to  take 
the  spec  literally,  but.  If  one  could  get  behind 
them  to  the  technical  peq^ile,  things  could  gen¬ 
erally  be  straightened  out. 

Mr.  E.  Stoops,  of  North  American  Aviation, 
had  had  a  different  experience.  His  request  for 
a  change  was  denied  by  the  legal  pe(qi>le  even 
though  U  was  supported  by  reliable  field  data, 
and  the  technical  government  representatives 
were  In  agreement.  He  wanted  to  know  how  <nie 
overcame  that. 

Mr.  Klein  answered,  "In  general,  specifi¬ 
cations  are  guides.  The  applicable  documents 
are  written  In  the  work  statement  when  It  goes 
out  to  the  contractor.  In  every  case,  the  con¬ 
tractor  responds  to  the  work  statement  and 
contractually  agrees  to  do  a  Job  based  upon  the 
applicable  documents.  If  he  desires  to  make 
statements  In  his  proposal  as  to  how  he  Intends 
to  change  the  specification  during  the  program, 
he  can  do  so. 

"In  the  specifications  that  we  have  written 
covering  the  programs  at  SSD,  the  Intent  Is  that 
they  are  merely  guides  to  the  contractor  by 
which  he  responds  with  a  working  plan  specifi¬ 
cation  of  his  own.  If  his  plan  Is  agreed  to.  It 
becomes  the  legal  document,  not  the  MIL  spec. 
If  the  contractor  does  not  take  exception  to  the 
spec  at  the  time  he  nuUces  the  proposal,  that  is 
his  responsibility. 

"We  recognize  that  some  of  the  specifica¬ 
tions  for  our  vehicles  represent  the  best  knowl¬ 
edge  of  the  state  of  the  art  at  the  time  they  are 
written.  As  a  result  of  ground  testing,  PFRT's, 
and  so  on,  we  refine  the  specification.  We  re¬ 
fine  it  again  after  the  first  series  of  flights  and 
again  after  a  later  series  of  flights.  There  are 
any  number  of  missile  programs  In  which  the 
specifications  were  delineated  several  times 
during  the  flight  test  program.  I  think  that  the 
contractor  should  bear  in  mind  that  a  lot  of  the 
responsibility  rests  with  him  to  define.  In  his 
proposal,  how  he  intends  to  use  the  spec." 

Mr.  J.  Wolfinger,  of  AlResearch,  said  that 
his  company  had  heavy  Ground  Support  Equip¬ 
ment  (GSE)  going  from  LA  to  the  Cape  with 
specifications  for  wide  extremes  of  envirm- 
ment  such  as  snow,  rain,  sleet,  and  vibration. 
The  equipment  weired  as  much  as  1  or  2  tons 
ami  was  going  to  be  used  In  a  MIL  standard 


clean  room  in  a  sheltered  environment,  and 
was  to  be  treated  better  than  usual.  He  asked 
the  panel  to  discuss  the  relative  merits  of  qual¬ 
ifying  this  GSE  hardware  in  the  shipping  pack¬ 
ages  rather  than  having  to  design  and  test  the 
equipment  Itself  to  these  adverse  environments. 

Mr.  Ruby  responded,  "Much  of  the  gear  we 
design  at  Motorola  is  similar,  ground  base 
equipment  in  a  reduced  environment.  We  inter¬ 
pret  the  specifications,  with  the  aid  of  the  con¬ 
tracting  agency,  to  mean  testing  In  transit 
cases.  If  you  have  a  shock  and  vibration  ship¬ 
ping  specification,  then  the  particular  piece  of 
suscej^ible  gear  ^ould  be  tested  In  its  case, 
not  solidly  mounted  to  the  exciter.  As  far  as  I 
can  see,  there  Is  absolutely  no  point  in  testing 
a  delicate  piece  of  equipment  to  a  road  shock 
which,  hopefully,  it  won't  see." 

Mr.  R.  Daniel,  of  RCA,  concerned  with 
satellite  design,  asked  whether  qualification 
testing  of  components  should  be  covered  by  a 
general  specification  or  by  an  individual  speci¬ 
fication  for  each  component,  based  upon  an 
estimate  of  what  the  environment  will  be.  'In 
many  cases,  the  final  layout  of  a  satellite  de¬ 
sign  does  not  become  firm  until  very  late  in  the 
game.  Therefore,  should  one  test  to  the  most 
severe  condition  for  every  component  or  simply 
arrive  at  some  arbitrary  number?" 

Dr.  Vigness  said  that  it  Is  practically  im¬ 
possible  to  write  a  sufficiently  broad  specifica¬ 
tion  to  include  components  as  its  objective.  "As 
nearly  as  possible,  general  specifications  are 
written  to  cover  the  field  conditlims  as  they 
might  exist  under  an  average  case,  in  order  to 
make  the  overall  equipment  survive  in  service. 
There  is  another  type  of  specification  which  is 
written  for  an  individual  part  and  Is  generally 
designed  by  the  project  officer  responsible  for 
obtaining  that  part.  He  looks  into  the  situation 
in  more  detail  and  usually  produces  a  parts 
spec  quite  different  from  the  overall  equipment 
spec." 

Mr.  P.  Perry,  of  A.  C.  Spark  Plug,  sup¬ 
ported  the  arguments  that  testing  equipment  to 
environments  it  will  never  see  is  silly  and^that 
the  fault  lies  with  the  contractor  for  not  inter¬ 
preting  the  specs  early  and  registering  his  ob¬ 
jections.  In  general,  Mr.  Perry  thought  mili¬ 
tary  specs  were  pretty  good. 

Dr.  Mains  thou^t  it  might  be  worthwhile 
for  the  panel  to  consider  the  question  of  how 
much  preliminary  engineering  it  was  Justifiable 
for  a  compaiqr  to  do  in  order  to  search  out, 
ahead  of  time,  the  exceptions  they  need  to  take 
to  the  specificaticHis. 
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Mr.  Ruby  presented  another  problem  that 
exists,  particularly  in  the  proposal  stage.  "At 
a  bidder's  meeting,  a  statement  is  often  m^e 
that  this  will  be  the  last  onwrtunity  to  ask 
questions.  This  develops  an  almost  pathologi¬ 
cal  fear  among  the  people  building  equipment, 
to  go  back  and  find  out  what  they  really  mean. 

In  reality,  if  you  call  somebody  up,  you  can  get 
the  Information." 

Mr.  Newhouse,  of  Marquardt,  thought  the 
problem  really  stemmed  from  the  procuring 
activity,  in  that  they  would  Just  arbitrarily  spell 
out  requirebients  from  some  existing  spec  that 
the  equipment  would  not  see.  He  felt  that  it 
should  be  determined  at  the  start  of  the  pro¬ 
gram  what  the  equipment  environments  were. 

Mr.  Klein  said  that  as  long  as  the  procur¬ 
ing  agency  does  not  know  the  details  of  what  the 
contractor  was  going  to  do,  the  equipment  being 
procured  would  be  required  to  be  tested  to  any 
environments  that  it  might  see.  The  contractor 
had  the  right  to  stipulate  in  his  proposal  that  he 
would  protect  the  equipment  during  certain  spe¬ 
cific  environments  and,  on  this  basis,  the  pro¬ 
curing  agency  might  waive  the  tests  for  those 
environments.  In  all  cases,  Mr.  Klein  believed 
in  the  environmental  profile  as  the  contractual 
obligation  with  the  answers  to  be  given  by  the 
contractor. 

Mr.  P.  Moore  of  Redstone  Arsenal  recalled 
that,  during  the  war,  there  were  6x6  trucks 
which  were  supposed  to  go  20,000  miles  before 
they  needed  any  major  repair.  Apparently,  be¬ 
cause  of  rough  treatment  by  personnel,  they 
rnily  lasted  about  1000  miles.  He  suggested 
that  if  our  si^cifications  really  showed  these 
environments  we  wouldn’t  have  a  problem  of 
shipping,  packaging,  or  anything  else. 

Mr.  Moore  said  that  at  the  Missile  Com¬ 
mand  they  did  waive  certain  specifications 
when  it  was  Justified  by  the  contractor. 

Mr.  J.  Barrett,  of  Wdtervliet  Arsenal,  re¬ 
marked  that  to  some  people,  particularly  equip¬ 
ment  vendors,  it  seemed  obvious  that  a  partic¬ 
ular  spec  was  not  applicable.  He  wanted  to 
know  why  this  was  so  when  it  was  evidently  not 
obvious  to  the  user.  He  suggested  that  the  user 
should  specify  that  the  equipment  shall  perform 
certain  functional  duties  and  let  the  vendor 
guarantee  that  it  will  perform. 

Mr.  Ruby  responded,  "Concerning  why  a 
vendor  says  a  spec  is  not  applicable,  I  think, 
facetiously,  it's  like  asking  the  price  of  a  car. 

It  depends  on  whether  you.  are  buying  or  selling. 
If  you're  selling,  you  want  to  get  the  best  price 


with  the  least  restrictions.  If  you're  buying, 
you  want  the  most  restrictions. 

"In  answer  to  your  other  question,  there  is 
a  design  spec  that  we  at  Motorola  have  been 
working  on.  It  was  described  at  this  meeting, 
in  a  paper  by  Mr.  Baum,  and  it  is  particularly 
concerned  with  thermal  requirements.  I  real¬ 
ize  that  there  is,  at  least,  an  order  of  magni¬ 
tude  difference  between  shock  and  vibration  and 
temperature,  but  I  think  our  spec  tries  to  do 
what  you're  after. 

'It  prescribes  ground  rules  to  tell  the 
equipment  manufacturer  exactly  what  his  equip¬ 
ment  will  do  thermally.  This  is  not  a  Go  No-Go 
test;  it  gives  him  a  profile.  He  knows  not  Just 
that  it  will  pass  some  MIL  spec,  but  what  it  will 
pass.  He  can  then  fit  this  Information  into  a 
specification  profile  and  see  whether  the  equip¬ 
ment  is  good  for  it.  It  is  a  tremendous  selling 
point  for  the  manufacturer.” 

Mr.  Lynn  of  Lockheed  said,  '1  think  prob¬ 
ably  there  was  a  dig  at  what  I  had  to  say  on  how 
the  manufacturer  knows  that  a  specification  is 
wrong,  I  guess  I  come  by  it  by  30  years  of  ex¬ 
perience  in  packaging  and  handling  engineering. 
I'm  sure  that  most  manu&cturers  don't  have 
the  benefit  of  the  observations  that  I've  made 
over  that  30  years,  and  often  are  not  acquainted 
with  the  tests  which  go  with  the  specification  of 
any  one  package.  I'm  quite  sure  that  people 
who  write  the  specifications  are  not  altogether 
sure  of  what  goes  with  the  specification  of  any 
particular  package. 

'In  section  four  of  every  specificatimi,  the 
packaging  tests  are  specified.  It's  not  easy  to 
get  a  change.  When  you  are  testing,  you  should 
recognize  the  fact  that  the  tests  on  the  pack¬ 
ages  are  sometimes  more  severe  than  will  be 
encountered  during  the  use  of  the  part.  Really, 
the  environments  of  handling,  transport,  and 
storage  are  more  severe  than  the  operational 
environment,  especially  in  shock.  This  is 
something  that  is  really  important  and  it  should 
be  taken  more  seriously  by  the  government,  I 
think,  than  it  has  been  up  to  this  point." 

Dr.  Mains  commented,  'I'm  sure  that  there 
are  some  pe(q[>le  here  that  either  are  presently 
in  one  of  the  military  services,  or  have  been. 

A  coivle  of  weeks  ago  there  was  an  Army  Ord¬ 
nance  meeting  in  San  Antonio  with  military 
people  there.  The  uniformed  men  were  stress¬ 
ing  that  equipment  must  work.  They're  sick  of 
field  failures.  For  example,  last  winter  on  a 
base  in  Alaska,  one  morning  there  were  only 
two  vehicles  on  the  whole  base  that  would  start. 
When  they  did  get  them  started  and  rolling  the 
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I  tires  fell  apart  In  chunks  because  It  was  70  de- 
I  grees  below.  You  can't  tell  those  boys  that  the 
I  specs  are  too  severe.  They'll  say  the  specs 
I  are  not  nearly  severe  enough.  They  have  to 
I  have  reliable  gear." 

Mr.  E.  Stelly  of  Texas  Instruments  re> 
ferred  to  previous  statements  that  the  actual 
environments  were  not  as  severe  as  the  spec 
requirements,  and  to  Mr.  Ruby's  comment  that 
after  the  contract  had  been  obtained  they  coiild 
not  do  the  test  job.  He  said  that  this  did  occqr 
a  lot  of  the  time  because  people  didn't  take  the 
time  to  contact  the  test  department.  His  group 
was  trying  to  inaugurate  a  program  whereby  all 
proposals  would  first  be  routed  through  their 
area  so  that  they  could  check  to  see  that  all  re¬ 
quirements  could  be  met.  If  they  could  not  be 
met,  checks  would  be  made  to  see  about  buying 
equipment  or  subcontracting  the  job  locally. 

Mr.  P.  Marnell,  of  Technlk,  Inc.,  asked, 
"Are  contracts  currently  being  written  so  that 
it  is  the  legal  responsibility  of  the  contractor 
to  produce  an  item  which  will  perform  satis¬ 
factorily  in  service  operation?" 

Mr.  Ruby  replied,  '1  think  this  is  really  a 
matter  for  the  lawyers.  If  you  contract  to  build 
a  piece  of  equipment  that  will  live  in  its  real 
environment,  this  may  take  5  to  7  years,  the 
specified  mean  time  between  fkilure.  Is  the 
contractor  going  to  wait  to  get  paid  until  the 
end  of  this  time  to  see  if  it  has  failed,  or  is  he 
going  to  get  paid  immediately  and  then  give  the 
money  back?  You  ml^t  tell  the  man  that  if  it 
doesn't  perform  he  won't  get  any  more  con¬ 
tracts.  I  would  think  that  it  would  be  an  impos¬ 
sible  situation  to  expect  the  builder  to  guaran¬ 
tee  it  for  life  and  then  pay  back  if  it  doesn't 
work,  or  that  type  of  thing." 

Mr.  Klein  commented,  "While  at  STL  and 
now  at  Aerospace,  we  had  a  great  number  of 
contractors  working  on  each  of  our  weaptxis 
systems  and  in  no  way  were  we  able  to  tell  the 
associated  contractors  that  each  of  their  equip¬ 
ments  should  function  in  a  normal  manner  in 
the  use  environment.  Instead  of  this,  we  wrote 
a  requirement  that  the  total  system  should 
wortc  in  a  given  manner  with  one  associate  con¬ 
tractor  becoming  responsible  for  the  system. 
The  remaining  contractors  were  responsible 
for  delivering  their  equipment  to  the  systems 
engineer  who  was  goi^  to  fly  the  entire  vehi¬ 
cle.  Each  has  performance  requirements  on 
each  of  the  pieces  of  equipment  that  he  deliv¬ 
ered,  including  one-sh^  devices,  and  it  was  his 
respmsibility  to  devise  a  test  program  in  an¬ 
swer  to  his  requirement  for  use.  He  delivers 
his  equipment  to  the  integration  contractor  and, 
from  that  point  on,  he  is  paid. 


'In  the  final  evaluation  of  the  vehicle,  the 
systems  contractor  flying  the  vehicle  will  not 
accept  responsibility  for  a  failure  if  it's  not  his 
equipment.  Essentially,  in  the  complex  pro¬ 
grams  that  we  live  with,  you  can't  expect  each 
man  to  guarantee  the  performance  of  his  single 
piece  of  equipment,  because  he  has  no  idea 
what  the  associated  contractors  will  do  to  his 
equipment  after  it  is  delivered." 

Mr.  M.  Christensen,  of  Aetron,  recalling 
that  others  had  commented  about  problems  of 
guiding  the  lawyers,  said  that,  in  large  bid  pro¬ 
posals,  those  who  knew  what  the  problems  were, 
bid  accordingly.  They  bid  high,  throwing  in  lots 
of  contingencies,  because  they  could  legitimately 
anticipate  problems  of  shipping,  handling,  and 
so  on.  But  a  lower  bidder,  who  didn't  know  or 
care  about  those  things,  was  likely  to  get  the 
award.  Mr.  Christensen  asked  what  could  be 
done  to  help  the  lawyers  to  see  that  everybody 
was  bidding  fairly  on  the  same  big  requirements. 

Mr.  Klein  responded  with  a  question.  "How 
many  fellows  who've  worked  on  equipment  have 
ever  read  the  proposal  for  the  equipment  they 
are  working  on  in  their  own  company's  house? 

I  think  we  really  ought  to  refer  back  to  the  pro¬ 
posal  and  see  what  our  bosses,  our  systems 
engineers,  our  facility  people,  and  our  test 
people  are  committing  us  to.  If  they  are  com¬ 
mitting  us  to  something  we  can't  do,  I  think  we 
should  immediately  demand  that  we  get  better 
equipment  and  change  the  spec.  You  can't  read 
the  proposal  8  to  10  months  or  2  years  later 
and  discover  that  you  can't  do  the  test.  It  is 
the  responsibility  of  each  test  engineer  to  know 
why  he  is  doing  a  job  and  to  understand  the 
environment. 

"My  suggestion  is  that  when  you  work  on 
complex,  expensive  systems,  you  should  under¬ 
stand  what  you  have  by  looking'  at  the  proposal. 

It  will  give  you  a  real  sense  of  strength  when 
you  have  to  deal  with  the  procuring  agency  and 
your  own  lawyers,  as  well  as  ours." 

Mr.  Johnson,  of  Atomics  International, 
asked,  'Is  it  feasible  to  give  the  contractor 
some  feeling  or  some  understanding  of  the  real 
environment  that  a  system  is  going  to  see?  Our 
experience  with  a  satellite  is  that  we  were 
given  a  simulated  environment  for  shock  and 
vibration  to  which  we  designed  and,  as  the 
product  evolved,  the  company  issuing  the  spec 
found  that  it  was  not  adequate  any  more.  Due 
to  some  peculiarities,  it  was  not  completely 
applicable  to  the  design  that  we  had.  Would  it 
be  feasible  to  put  in  the  spec  a  general  outline 
of  how  they  arrived  at  their  simulated  environ¬ 
ment  and  also  some  of  the  assumptions  that 
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they  have  used,  so  that  we  will  have  an  indica> 
tion  that  possibly  the  test  has  to  be  more  se¬ 
vere  or  if  the  tests  we  are  using  are  not  good 
for  our  design?" 

Dr.  Vigness  answered,  "Generally,  it  is 
not  feasible  to  give  all  of  the  Information  which 
is  background  for  deriving  a  specification.  If  a 
company  or  an  organization  wishes  to  learn 
this,  it  really  has  to  find  it  in  the  literature, 
such  as  in  the  Shock  and  Vibration  Bulletins 
and  the  various  reports  on  field  measurements. 

'The  legal  aspect  is  a  very  difficult  prob¬ 
lem;  1  don't  know  how  we  can  keep  it  from 
sometimes  controlling  the  amount  of  effort  we 
have  to  spend  on  these  things.  The  first  step 
necessary  in  getting  a  change,  however,  is  to 
get  the  three  parties— the  test  people,  the  pro¬ 
curing  agency,  and  the  contractors— together  so 
that  they  know  what  should  and  can  be  done  and 
what  the  apparatus  can  really  withstand.  After 
that  has  been  thrashed  out,  then  they  will  have  to 
go  to  the  legal  department  and  see  what  adjust¬ 
ments  can  be  made.  There  really  isn't  any  way 
around  that,  as  far  as  I  can  see.  The  legal 
things  have  to  be  taken  into  consideration,  but 
we  surely  shouldn't  let  them  control  the  fate  of 
a  project. 

"Many  times  we  will  get  new  Information 
as  time  goes  on  and,  in  almost  all  cases,  the 
specifications  must  be  changed  to  correspond 
to  the  new  knowledge  that  we  have.  That  can  be 
done,'  but  it  may  require  adjustments  of  con¬ 
tracts  which  is  messy  to  do.  It  would  be  much 
better  if  we  could,  as  was  stated  earlier,  just 
make  a  requirement  that  the  equipment  survive 
the  expect^  environment.  That  gets  to  be  kind 
of  impractical  in  the  real  case  because  we  have 
to  send  it  through  the  expected  environment  to 
know  whether  it  is  going  to  survive.  It  would, 
however,  allow  us  easily  to  make  changes  in 
any  specification." 

Mr.  Nankey,  of  GE,  was  concerned  with  the 
manner  of  maintaining  applied  vibration  to 
equipment  with  multiple  mounting  points. 
'There  has  been  a  lot  of  controversy  as  to 
whether  minimum  input  should  be  maintained  at 
each  mounting  point  or  whether  some  sort  of  an 
average  should  be  used  for  a  maximum.  My 
own  opinion  on  this  is  that  an  appropriate  aver¬ 
age  like  the  average  absolute  value  of  specified 
inputs  should  be  used,  and  that  this  would  ac¬ 
complish  the  intentions  of  the  specification. 

I've  heard  of  a  lot  of  effort  toward  maintaining 
the  least  responding  input  point  at  the  specified 
level.  When  this  falls  on  a  nodal  line  or  a  nodal 
surface,  it  can  cause  all  sorts  of  trouble." 


Mr.  Lindner  felt  that  the  problem  of  dif¬ 
ferent  measurements  at  different  input  points 
was  a  result  of  fixture  problems  and  that  Im¬ 
proved  fixture  design  would  help  considerably. 

Mr.  Nankey  said,  'I'm  thinking  of  the  cases 
where  we're  dealing  with  equipment  that's  large 
enough  and  working  with  a  specification  with  a 
great  enough  frequency  range  that  we  cannot 
avoid  fixture  resonances." 

Mr.  Klein  responded,  "We  know  that  this  is 
not  an  unrealistic  problem.  Our  environmental 
studies  group  not  only  handles  the  specification 
writing,  but  we  have  one  of  the  men  from  the 
group  go  out  to  the  contractor's  plant  and  moni¬ 
tor  the  contractor  test.  This  man  has  the  same 
kind  of  experience  that  you  do;  he  is  a  test  en¬ 
gineer.  He  would  have  perfect  raport  with  you 
and  the  solution  would  become  a  logical  solu¬ 
tion  between  you  and  him. 

'There  are  many  measurement  points  at 
the  input  of  a  vehicle.  You  can't  take  the  mini¬ 
mum;  you  can't  take  the  maximum;  you  work 
out'  something  that  appears  to  be  the  average 
for  the  particular  piece  of  hardware  that,  you 
are  working  with.  In  all  cases,  it  becomes  a 
logical  solution  and  you  play  a  very  important 
part  in  the  area  of  testing.  You  need  the  same 
kind  of  person  to  work  with  as  the  one  who 
monitors  your  test.  We  would  have  no  argu¬ 
ment  with  you." 

Dr.  Mains  commented,  "A  few  weeks  ago,  I 
heard  a  man  give  a  paper  on  an  averaging  de¬ 
vice  for  monitoring  the  input  on  a  shake  test. 

He  weighted  each  monitoring  signal  by  passing 
it  through  a  potentiometer  and  introducing  a 
different  phase  lag  on  each  item.  Then  he  pro¬ 
ceeded  to  add  up  the  instantaneous  value  and 
divide  by  x  or  whatever  the  number  was.  This 
was  his  monitoring  level.  He  was  kind  of  sur¬ 
prised  that  he  wasn't  getting  very  good  control 
of  his  test.  Some  people  thought  it  was  nice  to 
do  that.  I  was  amazed." 

Mr.  L.  Pulgrano,  Grumman  Aircraft  said, 
'I'd  like  to  hear  some  comments  on  the  appli¬ 
cation  of  motion  input  testing  to  equipments  or 
space  craft,  with  fiiirly  targe  Impedances.  It's 
common  to  use  the  envelope  of  measured  vibra¬ 
tion  data  on  a  missile  flight  as  an  input  to  a 
relatively  large  space  craft.  Inherent  in  this  is 
the  tacit  assumption  that  the  launch  vehicle  im¬ 
pedance  is  large  relative  to  that  of  the  space 
craft.  In  the  test,  one  might  find  amplifications 
on  the  space  craft  of  5  or  10  or  even  higher 
above  the  input  motion  that  is  representative  of 
the  maximum  measured  levels  during  flight. 
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Next,  In  many  cases,  an  envelope  of  measured 
response  levels  on  the  space  craft  Is  taken 
during  the  vibration  test  and  used  as  an  Input  to 
the  equipments.  Again,  the  assumption  is  that 
the  space  craft  Impedance  is  infinite  as  com¬ 
pared  to  that  of  the  equipment.  One  could  logi¬ 
cally  follow  this  and  let  the  equipment  man  take 
inputs  on  his  equipment  and  give  them  to  the 
component  man.  You  could  build  up  extremely 
large  amplifications  in  this  manner,  much 
higher  than  anything  that  is  ever  measured  on 
any  kind  of  a  launch  vehicle.  I'd  like  to  hear 
some  general  comments  about  this  kind  of  test 
and  also,  perhaps,  some  specific  comments  on 
what  kind  of  test  could  be  used  in  its  place  when 
we're  dealing  with  a  structure  that  is  known  to 
have  significant  impedance." 

Mr.  Klein  remarked,  "You  neglected  to  say 
that  sometimes  a  space  craft  has  an  attenuation 
of  10,  20,  30,  or  100  times.  If  you  put  in  10  or 
20  g's,  the  package  may  only  see  1  or  0.5  g." 

Mr.  Pulgrano  agreed  that  this  was  also  a 
problem. 

Mr.  Hahn  said  that  they  had  run  into  this 
too  and,  in  one  of  their  vehicles,  they  had  to  in¬ 
clude  the  launch  phase  as  well  as  the  airborne 
I^se  to  develop  the  envelope  Mr.  Pulgrano 
spoke  of.  Mr.  Hahn  continued; 

"We  also  investigated  analytically,  by 
ch(q;>ping  off  part  of  a  missile,  trying  to  devise 
some  kind  of  mechanism  to  grt  an  effective 
mass  to  cover,  at  least,  the  fundamentals  in  a 
missile  lateral  bending  mode.  Of  course,  we 
cannot  correlate  all  the  frequencies,  but  we  can 
take  a  piece  of  this  and,  at  least,  a(q>roKlmate 
the  impedance  of  the  whole  missile." 

Mr.  Pulgrano  inquired,  "Then,  essentially, 
you  apply  a  motion  input  to  the  structure  on 
which  you've  mounted  your  space  craft  ?  Do  I 
understand  you  correctly  ?  Do  you  ]ust  add  a 
little  bit  more  of  the  launch  vehicle  structure 
and  then  apply  a  motion  input?" 

Mr.  Klein  answered,  'If  you  make  the 
measurement  at  the  interface  to  the  space  craft 
during  the  launch,  orbit,  or  whatever  portion  of 
the  flight  you  are  interested  in,  and  you  use 
that  interface  portion  of  the  forcing  vehicle,  it's 
as  close  to  an  engineering  compromise  of  a 
real  life  problem  as  you  can  get." 

Mr.  Hahn  Interjected,  'This  is  just  what  I 
was  getting  at  with  this  ailded  mass  or  imped¬ 
ance.  In  OUier  words,  if  you  wanted  just  to  test 
a  nose  section  and  you  could  get  some  kind  of 
equivalent  impedance,  then  the  interlace  between 


the  nose  section  and  whatever  is  following, 
would  be  the  point  at  which  you  would  apply  the 
motion." 

Mr.  Klein  added,  'It  might  be  valuable  to 
make  apparent  mass  measurements  with  dummy 
packages  in  the  payload.  I  think  these  are  R&D 
problems  that  you'd  solve  during  the  early 
stage  on  the  work  with  your  structure  and  the 
location  of  the  packages.  Many  times  the  ap¬ 
parent  mass  measurement  will  show  you  that 
you  really  don't  have  a  severe  problem,  since 
it  is  very  likely  that  your  structure  acts  as  an 
attenuator.  In  general,  payload  structures  are 
light,  quite  flexible,  and  provide  a  great  deal  of 
attenuation." 

Mr.  R.  Colyer,  of  Boeing,  said  that,  in  the 
MINUTEMAN  program,  hardware  was  being 
delivered  at  the  same  time  that  they  were  nm- 
ning  qualification  and  other  type  tests.  Under 
pressure  of  a  cost  reduction  program  through¬ 
out  the  Air  Force,  they  were  considering  using 
field  experience  on  some  items  as  a  substitute 
for  QUAL  tests,  assuming  that  there  was  a 
one-to-(»te  relationship  between  the  field  envi¬ 
ronment  and  the  QUAL  environment.  He  asked 
for  comments  from  the  panel. 

Mr.  Klein  said,  '1  don’t  feel  there  is  a 
one-to-one  relationship  between  the  flight  envi¬ 
ronment  and  the  QUAL  environment.  Since  we 
live  in  a  world  of  transients,  how  do  we  know 
where  we  stand  at  any  particular  time?  What's 
the  safety  margin  on  a  one-to-one  relationship? 
We  would  like  to  see  a  qualification  test  on  a 
single  piece  of  hardware  at  some  definite  safety 
margin  and  to  see  each  piece  of  flight  equip¬ 
ment  acceptance -tested  at  somewhere  near  the 
flight  environment.  We  must  have  assurance 
that  it  will  work  at  the  flight  environmental 
levels." 

Mr.  Colyer  mentioned  that  they  had  in  mind 
such  things  as  transportation  vibration,  sand 
and  dust,  sunshine,  rain,  and  that  type  of  thing. 
Representative  equipment  had  already  been  de¬ 
livered  to  the  field  under  those  conditions  and 
had  arrived  in  good  shape. 

Mr.  Klein  said  that  he  had  misunderstood, 
and  that  he  was  thinking  of  componmits  in  par¬ 
ticular.  He  agreed  that  the  substitution  may  be 
ailright  if  it  can  speclflcaUy  be  diown  that  prior 
equipment  has  survived.  He  mentioned  that,  in 
some  cases,  expensive  tests  are  omitted  cm 
new  hardware  where  very  similar  tests  have 
already  been  performed. 

Mr.  S.  Baber,  of  Boeing,  commented, 
"You're  in  really  dangerous  water  when  you 
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run  QUAL  tests  and  flight  proofing  tests  after 
the  fact.  Usually,  if  you  have  any  failures  in 
the  laboratory,  you  start  looking  at  the  labora¬ 
tory  test.  We  tove  had  quite  a  number  of  ex¬ 
amples  where,  by  adding  some  of  the  missile 
structure  as  a  part  of  the  specimen,  we  could 
eliminate  a  large  number  of  failures.  We've 
had  items  that,  alone,  would  last  only  for  about 
15  seconds  in  a  random  vibration  environment, 
yet  by  adding  the  missile  skin  and  the  missile 
structure,  the  item  would  go  through  a  com¬ 
plete  1-hour  test. 

Mr.  Klein  said,  "That's  the  purpose  of 
QUAL  testing,  too.  I  think  you  answered  it 
very  nicely." 

Mr.  1.  Sandler,  Autonetics,  said,  "We  were 
Involved  in  a  test  for  which  the  specs  were 
written  before  there  was  any  available  data. 
After  the  first  few  flights,  we  felt  that  the  spec 
was  rather  high  and  we  attempted  to  get  it 
changed,  at  least  to  reduce  the  time  of  vibra¬ 
tion.  We  were  met  with  a  mathematical  dis¬ 
sertation  showing  that  it  didn't  make  any  dif¬ 
ference  and,  therefore,  there  wouldn't  be  any 
need  for  a  change.  I  wonder  if  we  were  unrea¬ 
sonable  or  if  this  was  an  unreasonable  approach 
by  the  people  who  wrote  the  spec?" 

Dr.  Vlgness  responded,  "Generally,  when 
youjiry  to  show  how  good  a  piece  of  equipment 
or  a  component  is,  you  try  to  do  it  in  terms  of 
the  probability  that  the  item  will  pass  a  certain 
level  of  vibration  or  shock.  One  item  might 
pass;  another  item  might  not  pass.  Your 
trouble  may  be  that  you  don't  have  very  many 
items  to  work  with,  so  you  can't  really  get  a 
statistical  study  of  the  thing.  If  one  works  with 
only  one  or  two  items,  and  if  one  can  guess 
some  sort  of  reliability  or  fragility  curve  for 
the  particular  items  with  a  reasonable  exacti¬ 
tude,  then  one  comes  up  with  some  figure  for 
the  tests.  This  figure  will  be  somewhat  higher 
than  the  actual  environment,  because  you  don't 
want  only  a  50-50  chance  of  a  thing  operating. 
You  may  want  a  99  percent  chance  of  it  operat¬ 
ing.  This  means  that  you  generally  have  to  test 
to  a  higher  value  than  you  might  expect  in  the 
field." 

Mr.  Sandler  pointed  out,  "We  weren't  try¬ 
ing  to  lower  the  value;  we  were  trying  to  reduce 
the  sweep  time.  The  same  agency  that  wrote 
the  specification  also  had  published  a  paper 
showing  that  the  sweep  time  made  no  differ¬ 
ence.  The  ultimate  result  in  the  test  was  that  it 
did  make  a  difference  if  we  vibrated  it  for  a 
shorter  period  of  time.  The  hardware  had  a 
very  hard  time  passing  the  original  spec,  but  it 
did  finsflly  pass  the  revised,  what  they  called  a 


minimum  confidence,  test  and  it  did  prove  to  be 
a  good  piece  of  hardware  in  flight." 

Dr.  Vigness  concluded,  '1  would  expect 
that,  if  a  theoretical  study  showed  that  it  didn't 
make  any  difference  and  an  experimental  study 
showed  that  it  did  make  some  difference,  I 
would  prefer  to  go  by  the  experiment  and  try  to 
get  a  sweep  time  which  would  be  Irnig  enough 
for  the  most  severe  condition." 

Mr.  R.  Hunt,  MSFC,  commented,  'It  is  im¬ 
plied  that  there  is  a  particular  environment  for 
a  particular  piece  of  equipment.  I  think  most 
people  have  equipment  that  is  being  used  on 
several  different  vehicles.  They  are  probably 
having  trouble  qualifying  this  piece  of  equip¬ 
ment  in  one  environment,  yet,  maybe  it's  living 
happily  in  all  of  the  others.  If  you're  not  quali¬ 
fying  your  equipment,  it's  not  being  sold.  We 
are  all  m  the  same  side.  Whether  a  vendor's 
equipment  works  is  as  much  my  problem  as 
his,  except  that  the  way  it  affects  us  is  slightly 
different.  I'm  aware  of  this  difference. 

'The  best  answer  is  this  closed  loop,  the 
feedback.  Now,  from  our  operations  standpoint 
the  group  I'm  associated  with  does  write  the 
specs  at  Marshall.  An]rtlme  there  is  a  test 
being  run,  if  the  vendor  will  inform  us,  we  will 
have  someone  at  his  plant.  This  accomplishes 
two  things.  First,  it  helps  close  the  feedback 
loop,  since  we  know  what  he's  doing.  Second, 
he  gets  to  talk  with  us  and  find  out  what  we 
would  like  to  see  done.  In  general,  this  close 
liaison  provides  the  mechanism  for  changing  a 
specification  if  it  is  necessary." 

Dr.  Mains,  in  order  to  bring  the  discussion 
back  more  closely  to  the  session  topic,  asked 
each  of  the  panelists  a  questi<m.  "Suppose  that 
we  have  an  envircxunent  that  we  can  measure 
and  define  as  precisely  as  we  care  to  do,  what, 
then,  should  be  the  relationship  between  the 
test  that  is  to  be  performed  and  the  environ¬ 
ment  we  have  measured  ?  Should  it  be  more 
severe,  of  shorter  duration,  or  what?  Mr.  Ruby 
likes  the  thermal  end  of  things,  so  in  a  thermal 
test  what  should  that  relation  be  ?" 

Mr.  Ruby  answered,  '1  think  the  thermal 
aspect  is  somewhat  different  from  the  shock 
and  vibration  environment  in  that  it  is  easier  to 
specify.  It  may  not  be  more  accurate,  but,  at 
least,  it  is  easier.  For  example,  we  say  that 
an  electronic  component  will  not  work  well 
above  a  particular  temperature.  This,  then,  is 
the  endurance  limit  or  qualification  level, 
whichever  you  wish  to  call  it.  If  we  can  go  to 
our  reliability  pec^le  and  have  them  run  a  few 
tests,  we  can  get  accurate  numbers.  We  can 
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then  apply  these  numbers  to  the  particular 
piece  of  equipment  and,  Indeed,  test  it  to  the 
real  environment,  or  test  it  until  the  most  crit* 
ical  part  gets  as  hot  as  is  allowable.  This  is 
the  worst  environment  that  this  equipment  can 
stand.  We  can  then  plot  our  entire  profile. 

"For  the  thermal  aspect,  the  real  environ¬ 
ment  would  be  perfectly  satisfactory.  I  think 
you  could  say  with  some  assurance  that,  if  we 
knew  exactly  what  temperatures,  pressures, 
and  so  on,  the  equipment  was  going  to  meet,  we 
could  test  it  accurately  in  the  lab  with  a  fair 
confidence  that  it  would  perform  throughout  its 
life." 

Dr.  Mains  then  asked  Mr.  Lindner,  'If  you 
knew  the  ground  transportation  and  hardling 
environment  as  well  as  you  would  like  to,  would 
you  then  make  the  tests  more  severe,  less  se¬ 
vere,  or  what,  with  relation  to  that  measured 
environment?" 

Mr.  Lindner  responded,  "If  you  knew  pre¬ 
cisely  what  the  environment  happened  to  be, 
how  would  you  simulate  it  in  the  laboratory  ? 
Generally,  I  think  that,  if  you  knew  what  the  en¬ 
vironment  was,  it  would  be  very  good  for  design 
purposes,  but  the  way  you  would  actually  test 
your  piece  of  gear  would  likely  produce  some¬ 
thing  entirely  different  from  the  stated  environ¬ 
ment.  For  example,  the  field  vibration  environ¬ 
ment  is  probably  omnidirectional,  whereas  your 
simulation  equipment  is  usually  unidirectional; 
however,  you  should  have  some  correlation  be¬ 
tween  the  two. 

"To  answer  the  question,  let's  consider  the 
railcar  humping  problem.  If  I  wanted  to  simu¬ 
late  this  in  a  laboratory,  the  information  I 
would  need  Includes  velocity  of  impact,  how  the 
car  was  loaded,  and  the  type  of  cars  against 
which  to  impact.  In  my  test,  I  would  go  higher 
than  the  mean  value  of  the  velocities  in  rail 
transportation  because  I  want  better  than  an 
even  chance  of  having  my  equipment  survive.  I 
think  this  would  hold  true  for  any  environment. 

I  would  overtest  rather  than  take  the  average 
value." 

Dr.  Mains'  question  to  Mr.  Hahn  was, 
"From  an  analytical  point  of  view,  is  there  any 
advantage  or  disadvantage  to  be  gained  in  mak¬ 
ing  the  test  more  severe  or  less  severe  than 
the  measured  environment?" 

Mr.  Hahn  said,  '1  think  this  time  I  will 
defer  back  to  Lockheed  and  say  that  Mr. Blake's 
decision  theory  is  one  of  the  approaches  that 
seems  to  hold  a  lot  of  promise  for  giving  us 
these  answers  in  the  future.  In  such  a  theory. 


things  like  the  original  design,  the  quality  con¬ 
trol,  the  manufacturing,  and  so  on  could  be  con¬ 
sidered  and  from  all  this  input  we  would  derive 
our  test  criteria.  The  field  of  design  analysis 
is  somewhat  bare .  In  the  flight  regime,  we  are 
pretty  well  along  the  way  in  defining  the  types 
of  gust  and  wind  shear  which  occur  in  the  at¬ 
mosphere  along  with  their  associated  probabil¬ 
ities.  I  would  like  to  say  to  the  Army,  that  we 
should  like  very  much  to  see  something  com¬ 
parable  to  this  in  the  description  of  terrain,  so 
that  we  can  design  ground  mobile  systems  with 
the  same  confidence  that  we  think  we  do  in  the 
airborne  case.  If  we  were  going  to  operate  in 
the  Sahara,  or  wherever  Dr.  Brierly  had  figured 
he  could  give  us  some  idea  of  what  the  terrain 
would  be,  we  would  take  something  that  was 
already  available  such  as  Aberdeen  and  find  out 
what  combination  of  tracks  there  would  give  us 
the  required  simulation  for  our  operating  con¬ 
ditions.  This,  then,  would  be  a  basic  specifica¬ 
tion  for  design  of  ground  mobile  systems  and 
if,  then,  the  airborne  environment  were  super¬ 
imposed  on  this  you  would  have  what  you  could 
consider  your  fundamental  specification,  your 
source  environments.  From  this  you  would  de¬ 
duce  the  equipment  environments,  the  shears 
and  bending  monents,  and  so  on,  that  the  man 
on  the  drawing  board  would  like  to  see.  Today 
he  tries  to  design  to  load  factors.  How  do  we 
vibration-test  to  load  factors?  in  fact,  what  do 
they  mean?  How  does  decision  theory  enter 
into  this  ?  These  are  questions  I'd  like  to  see 
answered.  Once  we  get  methods  of  this  type, 
then  we  can  design  our  vehicles.  Also,  with  a 
proper  application  of  probability  theory  we 
could  devise  a  test  that  the  normal  vibration 
machine  produces  which  would  have  associated 
with  it  a  confidence  level  and  all  the  other  re¬ 
galia  that  quality  control  requires.  Within  that 
level  of  confidence  you  could  perform  your  de¬ 
sign  and  hope  that  your  test  would  simllate 
wlmt  you  had  designed  into  your  vehicle  and 
equipment." 

Dr.  Mains  said,  "Before  I  pass  this  micro¬ 
phone  to  Phil  Klein  I'd  like  to  add  another  con¬ 
dition.  We  know  what  the  field  environment  is 
and  we  can  measure  it,  but  we  also  know  that  at 
least  a  goodly  proportion  of  the  failures  that 
occur  as  a  result  of  a  motional  environment  are 
fatigue  failures.  We  know  that  under  the  best 
conditions  of  laboratory  testing  you  get  at  least 
a  decade  of  spread  in  fotigue  data;  that  you  get 
two  decades  of  spread  if  you  let  any  corrosive 
atmosphere  or  liquid  come  in  contact  with  the 
specimens;  and  further,  if  you  let  a  little  abra¬ 
sion  or  surface  maltreatment  take  place,  you 
can  then  get  three  decades  of  spread.  So,  we 
have  an  environment  that's  defined  within  98- 
percent  confidence  of  95-percent  accuracy,  but 
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of  risk  that  you  wish  to  take  can  be  indicated  in 
the  safety  margins;  it  can  be  indicated  in  the 
duration  of  the  reliability  test." 

Dr.  Mains  asked  Dr.  Vigness,  "Now,  Irwin, 
from  the  standpoint  of  the  fellow  who  has  to  sit 
inside  the  turret  of  a  5'.'38  and  atm  it,  or  from 
the  standpoint  of  the  tailgunner  in  a  bomber 
who  has  to  use  an  electronic  gunsight,  or  of  a 
fellow  who  stays  on  the  ground  and  tries  to 
point  an  HONEST  JOHN  missile  in  the  right 
direction,  what  do  you  think  these  things  should 
be  tested  for  ?  Just  the  field  level,  or  more,  or 
less,  or  what?" 

Dr.  Vigness  responded,  '1  think  Mr.  Klein 
here  has  stated  the  thing  so  nicely  that  I  would 
not  state  it  much  differently,  as  far  as  that 
phase  of  the  question  is  concerned.  I  was  irri¬ 
tated  by  the  assumption  in  the  original  question 
that  we  know  the  real  environment.  The  envi¬ 
ronment  that  any  piece  of  equipment  sees  is 
never  something  that  you  can  define  until  after 
the  item  has  lived  its  life  and  you  have  followed 
the  environment  all  through  tlut  time.  There 
is  no  such  thing  as  a  predictable  real  environ¬ 
ment  in  detail.  You  cannot  make  any  test  which 
corresponds  to  a  real  environment  because  they 
are  all  different,  therefore  the  tests  you  devise 
must  be  a  conglomerate  of  the  real  environ¬ 
ments.  Mr.  Klein  mentioned  this  when  he  was 
referring  to  an  envelope  of  conditions.  There 
are  objections  to  envelopes  of  conditions  too, 
because  they  don't  take  into  account  impedance 
and  so  on.  That  was  brought  up  by  some  of  the 
talks  yesterday.  Inasmuch  as  we  can't  predict 
the  real  environment,  but  can  only  have  some 
average  or  fiducial  limit  type  of  environment 
expressed  on  the  basis  of  probability,  perhaps, 
then  we  will  devise  a  certain  level  for  a  test 
based  on  all  probable  environments  that  might 
be  encountered.  The  tests  which  might  be  per¬ 
formed  on  the  vehicle  then  might  be  quite  dif¬ 
ferent  from  any  specific  environment.  Many 
times  it  has  been  suggested  that  we  take  tape 
recordings  of  vibrations  of  missiles  and  play 
them  back  through  the  vibration  machines. 

That  would  not  be  a  good  test  generally,  be¬ 
cause  it  would  only  be  specific  for  that  particu¬ 
lar  condition.  We  have  to  have  something  which 
is  representative  of  an  average  condition." 

Mr.  R.  Roberts,  of  GD/Electrlc  Boat, 
asked,  "What  should  be  the  relation  between  the 
measured  environment  and  test  in  the  case  of 
j  the  shock  environment  due  to  underwater  explo- 
I  Sion?  I'm  thinking  particularly  now  of  hull- 
mounted  equipment  such  as  valves,  machinery, 
such  as  turbines,  electronic  equipment,  and  the 
like." 


Dr.  Vigness  answered,  'There  have  been 
an  enormous  number  of  measurements  made  of 
the  shock  conditions  that  these  types  of  equip¬ 
ment  encounter  onboard  ships.  In  submarines, 
particularly  for  items  close  to  the  hull,  our 
shock  machines  cannot  deliver  a  shock  which  is 
as  great  as  the  shock  that  might  be  experienced 
by  the  submarine,  and  which  would  seriously 
damage  the  hull  of  the  submarine.  We  cannot 
produce  shocks  as  great  as  we  would  like  with¬ 
out  destroying  the  machines  that  we  use  for 
shock  testing,  because  they  are  made  of  struc¬ 
tural  steel.  The  ship  is  made  of  structural 
steel,  but  presumably  it  doesn't  have  to  with¬ 
stand  more  than  one  or  two  of  these  shocks, 
whereas  our  shock  machine  has  to  withstand 
many.  So  we  go  to  about  the  maximum  amount 
of  force  that  the  machine  can  deliver  repeat¬ 
edly.  For  equipment  which  might  be  mounted 
inside  a  surface  ship,  our  shocks  could  prob¬ 
ably  be  somewhat  less  severe  than  would  be 
normally  specified,  but  we  usually  can't  say 
where  a  particular  item  of  equipment  is  ^oing 
to  be  located.  Inasmuch  as  we  don't  like  to 
make  a  piece  of  equipment  only  suitable  for  a 
particular  location,  we  have  it  tested  to  the 
general  specifications  for  any  location  onboard 
ship." 

Mr.  K.  Johnson,  of  K.  W.  Johnson  &  Co., 
said,  "We  would  be  very  happy,  since  we  manu¬ 
facture  shock  and  vibration  control  systems,  to 
work  with  the  MIL  specs.  Generally  our  trouble 
is  that  the  MIL  specs  are  re -interpreted  by 
each  project  engineer  of  each  company,  and 
safety  factors  of  one  form  or  another  are  al¬ 
ways  added.  If  this  were  done  on  the  basis  of 
an  engineering  evaluation,  and  the  service  need 
were  greater,  then  the  MIL  spec  requirement 
should  be  increased  accordingly.  So  often  it's 
just  a  number  as  far  as  the  engineers  are  con¬ 
cerned.  If  it's  tested  at  5,  10,  or  20  g,  it's 
simply  doubled  to  provide  a  ^ety  factor.  As  a 
result,  we  get  as  many  specifications  as  there 
are  different  companies  and,  sometimes,  dif¬ 
ferent  engineers.  You  can  see  that  we  have  a 
problem  in  trying  to  come  out  with  any  type  of 
a  standard  procedure  so  far  as  designing  a 
shock  system  to  satisfy  more  than  one  particu¬ 
lar  application.  For  example,  at  the  present 
time,  we  have,  for  two  different  companies, 
entirely  different  mounting  systems  for  the 
same  type  of  system  going  into  the  same  loca¬ 
tion  and  meeting  the  same  spec.  It  is  a  result 
of  different  interpretation  by  the  individual 
project  engineers.  How  do  you  answer  these 
problems?" 

Mr.  Klein  answered  with  questions.  "What 
kind  of  vehicle  went  on  top  of  the  vehicle  you 
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are  talking  about?  If  you're  talkii^  about  a 
first  stage  with  a  certain  kind  of  suspension 
system,  what  went  on  top  of  that  first  stage, 
what  went  on  top  of  the  second  stage  ?" 

Mr.  Johnson  said,  'This  is  a  normal  elec¬ 
tronic  type  of  gear  that  would  be  protected 
from  shock  under  an  aircraft  condition,  in  this 
particular  case.  It's  not  a  missile  condition." 

Mr.  Klein  responded,  "Even  so,  perhaps 
the  vehicle  is  being  used  for  a  different  kind  of 
function.  For  example,  if  you  design  a  certain 
system  for  use  in  a  ballistic  weapon,  and  then 
you  decide  to  use  this  ballistic  weapon  as  a 
space  booster,  the  device  that  goes  on  top  of 
the  space  booster,  which  was  real  clean  (per¬ 
haps  a  nicely  shaped  satellite  for  orbital  condi¬ 
tions),  suddenly  grows  to  some  mcmster  that 
looks  like  the  MERCURY  pac-cage  with  a  rocket 
lifesaving  device  on  top  of  it.  If  you  are  looking 
at  the  lower  uses  of  the  equipment  installed  in 
the  first  stage,  the  environments  it  sees  may 
change  by  a  magnitude  of  10  or  20  times.  This 
may  happen  even  in  truck  equipment  where  you 
use  one  truck  for  carrying  boxes  of  food  and 
another  to  carry  a  missile  launching  device. 

The  suspension  system  Installed  for  certain 
pieces  of  equipment  really  needs  to  be  changed, 
even  though  the  configuration  of  the  vehicle  is 
the  same." 

Mr.  Johnson  agreed  in  principle  but  said, 
"As  I  qualified  it,  we're  talking  about  rather 
simply  defined  systems.  The  same  type  equip¬ 
ment  goes  into  the  same  space,  performs  the 
same  function,  only  it  is  provided  by  competi¬ 
tive,  different  companies.  We  get  such  a  wide 
variation,  in  the  interpretation  of  the  MIL 
specs,  as  to  what  environment  the  equipment  is 
to  meet.  The  shock  requirements  or  vibration 
requirements  often  go  trough  several  different 
groups  in  a  particular  manufacturing  company, 
and  each  group  feels  that  they  need  better  safety 
factors.  They  say,  'If  this  number  is  x,  we'll 
make  it  y,  if  it's  y,  we'll  make  it  2y,  since  we 
want  to  be  more  s^e  in  oUr  design.'  In  so 
doing,  it  changes  the  whole  design  of  the  mount¬ 
ing  system,  making  it  much  more  costly  and 
everting  else.  It's  the  arbitrary  type  of 
change  I'm  thinking  of,  not  one  resulting  from  a 
real  engineering  evaluation." 

Dr.  Vlgness  said,  'It  seems  to  me  that  in 
what  you  are  talking  about  you  have  two  differ¬ 
ent  groups  designing  something  to  serve  the 
same  purpose.  These  two  different  groups  ap¬ 
proach  the  thing  somewhat  differently;  they 
some  material  from  you  to  go  Into  their  prod¬ 
ucts.  Inasmuch  as  they  have  designed  the  thing 
using  a  different  approach,  but  for  the  same  end 


purpose,  it's  not  very  likely  that  they  will  have 
the  same  design  all  the  way  through.  They'll 
even  have  some  difference  in  properties,  de¬ 
pending  upon  what  they  thought  was  safe  and 
what  was  not  safe.  I  don't  think  there  is  much 
you  can  do  about  it,  except  just  try  to  please 
both  of  them." 

Mr.  J.  Brunn,  of  Sylvania,  said,  "We  have 
a  requirement  to  shock  test  an  equipment  rack 
weighing  over  1000  pounds  and  standing  about  7 
feet  high.  The  requirement  is  to  shock  test 
this  rack  in  its  shipping  container  on  a  shock 
spectrum  machine.  To  my  mind  it  would  be 
more  logical  to  drop  test  it  on  a  concrete  floor; 
it  would  actually  simulate  the  environment 
more  realistically.  I  was  wondering  if  maybe 
this  isn't  a  misuse  of  the  intended  purpose  of 
the  shock  spectrum  type  shock  machine." 

Dr.  Mains  asked  whether  he  was  sure  about 
the  end  use.  He  thought  it  sounded  like  a 
stowed  container  test. 

Mr.  Brunn  said  that  it  was  merely  a  ship¬ 
ping  test  in  order  to  simulate  the  shipping  and 
handling  conditimis  between  the  factory  and  the 
permanent  installation,  a  protected  installation. 

Mr.  Lynn,  of  Lockheed,  commented,  "The 
problem  of  vibration  and  shock  to  electronic 
console  equipment  is  an  industry-wide  and 
growing  problem  which  is  far  from  being 
solved.  One  of  the  reasons  that  we're  having 
difficulty  is  that  no  electronic  equipment  manu¬ 
facturer  will  give  us  fragility  numters  for  the 
equipment.  I  imagine  what  Mr.  Brunn  has  run 
into  is  an  effort  to  find  some  of  the  numbers 
that  are  associated  with  the  actual  equipment, 
because  we  are  having  to  take  these  things  into 
laboratories  at  the  time  of  their  arrival  and 
realign.  It  happens  maybe  two  or  three  differ¬ 
ent  times.  Quite  often,  the  equipment  is  in  use 
at  one  point  for  3  or  4  months,  and  then  it 
moves  to  another  place  and  is  used  3  or  4 
months.  Each  time  it  goes  through  a  labora¬ 
tory  for  alignment;  sometimes  it  is  scavenged; 
sometimes  it  is  damaged  in  the  laboratory. 
Sometimes  we  find  that  there  are  stamps  ap¬ 
plied  that  it  has  been  inspected  and  that  it  was 
OK  or  that  pieces  are  missing  from  the  equip¬ 
ment.  I  think  this  test  is  an  effort  to  discover 
whether  or  not  the  equipment  is  misaligned  by 
shipping.  I  wish  there  was  more  of  it,  because 
I  think,  in  the  long  nm,  the  taxpayers  will  pay  a 
smaller  price  for  arriving  at  the  point  of  100- 
percent  reliability." 

Mr.  Brunn  said,  '1  have  no  objection  to 
shock  testing  the  equipment,  but  my  tuider- 
standing  would  be  that  it  would  be  more  logical 
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to  shock  test  It  on  this  machine  in  the  unpack* 
aged  condition.  I  think  this  would  be  more  of  a 
controlled  test  and  would  give  you  a  better  idea 
of  the  structural  Integrity  of  the  design." 

Dr.  Vigness  agreed,  saying,  'It  seems  to 
me  that  a  drop  test  on,  let’s  say,  a  plastic  pal¬ 
let  or  a  drop  table  type  machine,  would  not 
normally  be  specific  for  testing  packaged 
equipment,  and  that  the  normal  tests,  which  are 
to  drop  it  from  certain  orientations  and  in  cer¬ 
tain  ways,  could  just  as  well  be  done.  How¬ 
ever,  that  is  a  matter  that  you  have  to  work  out 
with  the  persons  who  you  make  your  contracts 
with;  if  they  have  reasons  for  doing  it  one  way 
and  you  object  to  them,  then  you  just  have  to 
find  out  what  those  reasons  are  and  show  them 
why  something  else  might  be  better." 

Mr.  Baber,  of  Boeing,  asked,  'Is  it  either 
desirable  or  possible  to  list  and  define  the  flight 
or  the  service  profile,  as  best  we  can,  in  the 
specifications  and,  rather  than  listing  the  tests, 
to  list  the  objectives  of  the  test,  such  as  to 
simulate  the  failures  and  not  the  environment?" 

Dr.  Vigness  responded,  'If  we  have  an  op¬ 
portunity  to  have  feedback  as  to  the  types  of 
failures,  we  can  adjust  the  tests  gradually  over 
a  period  of  time  so  that  they  will  produce  the 
kind  of  failures  which  actually  occur  in  service. 
This  is  a  luxury  which  we,  generally,  can't  have 
when  we  are  developing  limited  numbers  of  new 
equipment.  In  something  such  as  packaging 
commercial  equipment,  there  is  feedback  as  to 
what  types  of  things  fail;  so,  they  adjust  their 
packaging  techniques  to  correct  those  things 
and  eventually  get  an  economical  package. 

Tests  are  made  which  will  correspond  to  the 
field  condition,  but  they  may  not  duplicate  it. 
That  was  the  way  the  Navy  light-weight  shock 
machine  was  arrived  at  by  the  British.  They 
made  tests  on  a  machine  which,  more  or  less, 
duplicated  the  types  of  failures  that  they  were 
having  on  their  ships.  They  did  not  take  a  large 
number  of  measurements  and  then  make  a 
machine  which  would  correspond  to  some  aver¬ 
age  of  those  measurements.  But  it  requires 
feedback." 

Mr.  Klein  added,  'In  general,  we  collect  a 
great  deal  of  flight  environment  data  on  mis¬ 
siles  such  as  ATLAS,  TITAN,  THOR,  MIN- 
UTEMAN,  PERSHING,  and  on  conditions  that 
you  might  meet  on  second  stage  vehicles  such 
as  AGENA,  ABLE  STAR,  and  so  on.  We  at¬ 
tempt  to  get  data  on  various  satellite  configu¬ 
rations.  Now,  having  all  of  this  data,  when  a 
new  program  comes  into  being,  we  look  at  the 
configuration,  we  look  at  the  history  of  data 
that  has  accumulated  on  similar  vehicles,  if  not 


the  same  exact  vehicle,  and,  from  our  past  ex¬ 
perience,  we  design  the  envirmmental  profile 
as  best  we  can  for  this  new  configuration.  At 
this  point,  you  have  no  failure  data  even  to  esti¬ 
mate  the  kind  of  tests  that  you  need.  The  work 
statements  that  come  out  attached  to  the  de¬ 
scription  of  this  environment,  lists  the  mini¬ 
mum  test  levels  acceptable  on  these  estimated 
environments.  These  tests  are  not  intended  to 
limit  the  contractor  in  designing  his  specifica¬ 
tion  for  testing.  If  he  feels  that  he  must  test  at 
much  higher  levels  than  the  minimum  levels 
indicated  in  the  work  statement,  we  are  de¬ 
lighted  to  see  this  kind  of  result. 

"But,  generally,  the  answer  comes  back 
repeating  the  minimum  levels  because  he  is 
selling  a  product.  In  many  Instances,  the  levels 
become  higher  because  of  studies  the  contrac¬ 
tor  does  perform  and  he  Indeed  tests  at  higher 
levels  to  gain  confidence  in  what  he  is  doing. 

One  of  the  forcing  factors  to  improve  on  this 
kind  of  operation,  which  I  haven't  heard  dis¬ 
cussed  in  the  entire  Symposium,  is  the  use  of 
incentive  contracts  which  are  now  beginning  to 
be  attached  to  programs.  Now,  even  if  we  had 
described  a  minimum  level  that  would  not  allow 
you  to  succeed  with  your  equipment,  even  though 
you  did  prove  through  certain  reliability,  ac¬ 
ceptance,  or  qualification  tests  that  this  vehicle 
was  good,  still  you  are  probably  going  to  have 
one  hell  of  a  time  with  toe  lawyers  to  get  your 
incentive  fee,  because  the  final  measure  of  toe 
product  is  how  well  did  it  perform.  If  your 
money  is  tied  to  the  performance,  you  have  to 
have  a  high  degree  of  confidence  in  toe  levels 
that  you  are  testing  to.  So  this  becomes  a 
double-edged  sword  that  both  of  us  have  to  use 
with  real  care." 

Mr.  Edgington,  of  White  Sands  Missile 
Range,  asked  about  toe  development  of  trans¬ 
portation  vibration  tests  from  field  data.  He 
wanted  to  know  how  one  arrives  at  a  length  of 
time  for  a  laboratory  test  that  produces  equiv¬ 
alent  damage  to  a  given  number  of  mites  of 
cross-country  travel. 

Mr.  Lindner  answered,  "The  crux  of  all 
vibration  problems  is  probably  how  long  you 
test  an  item  for  any  given  condition.  I'm  not 
sure  that  there  is  a  straightforward  answer  to 
this,  but  I  have  had  a  little  feedback.  A  com¬ 
pany  sent  a  few  packages  on  about  a  1000-mile 
trip,  and  then  lo<^ed  at  the  damage.  They  tried 
to  repeat  toe  damage  process  on  a  LAB  vibra¬ 
tion  exciter  and,  in  their  particular  case,  they  - 
came  up  with  about  an  hour's  run  at  roughly 
270  rpm  at  the  1-g  point.  This  duplicated  quite 
a  bit  of  toe  damage.  Now  in  answer  to  your 
question,  I  can  cmly  say  that  you  should  attempt 
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to  reproduce  the  damage  in  the  laboratory,  and 
feel  your  way.  I  don't  know  if  there  is  any 
clear-cut  method  of  saying  1000  miles  is  equal 
to  2  hours,  or  what  have  you." 

Mr.  Colyer,  of  Boeing,  addressed  Mr.  Klein 
concerning  reliability  testing.  He  said,  "For  a 
piece  of  portable  test  equipment  that  has  an 
MTBF  of,  say  500  hours,  could  you  define  a 
reliability  test  which  wo^  be  outside  the  qual¬ 
ification  envelope,  or  prove  something  that  you 
don't  get  from  QUAL  tests  which  already  has, 
say,  an  operating  life  test  in  it?" 

Mr.  Klein  said,  'The  answer  would  be  yes. 
It  would  be  necessary  to  establish  a  group  of 
ground  rules  on  the  amount  of  risk  you  wish  to 
take,  the  probability  requirements  for  the  func¬ 
tion  of  this  piece  of  equipment,  and  how  much 
money  you  want  to  spend.  I  think  that  ail  of 
these  things  tied  together  would  allow  you  to 
describe  a  family  of  reliability  tests  for  this 
device,  depending  on  the  amount  of  risk  which 
is  tied  to  the  money.  These  two  things  together 
would  assist  you  in  designing  a  reliability  test 
for  this  package.  For  example,  if  you  wish  to 
have  a  high  reliability  with  a  low  confidence, 
you  aren't  going  to  do  much  testing;  but  if  you 


want  it  with  99-percent  confidence,  you  are 
going  to  do  a  hell  of  a  lot  of  testing,  and  you 
might  never  get  the  answer.  So  if  you  can 
establish  the  ground  rules  that  are  necessary 
for  describing  the  end  use  of  this  item,  you  can 
indeed  draw  the  requirement  for  a  reliability 
test.  This  would  come  from  people  with  abili¬ 
ties  in  statistics  and  who  stand  in  depth  behind 
their  reliability  people.  I  don't  think  it  would 
be  difficult  at  all." 

Dr.  Mains,  in  winding  up  the  session,  cau¬ 
tioned  against  looking  at  any  one  phase  of  the 
design  process  as  a  black  or  white  proposition 
which  was  to  be  interpreted  as  absolute.  "Dr. 
Vigness  has  emidiaslzed  the  fact  that  it's  not 
the  environment,  but  all  environments,  each  of 
which  is  different.  No  particular  system  or 
structure  is  like  another  system  or  structure 
in  how  it  responds,  and  no  test  is  like  another 
test.  So  instead  of  trying  always  to  get  down  to 
where  that  eighth  figure  that  comes  off  the  IBM 
machine  is  precise,  let's  admit  maybe  it's  just 
the  first  two,  or  noaybe  only  the  first  one  tlut 
has  any  meaning  and  see  how  that  affects  the 
theme  of  this  particular  meeting— the  relatlcm- 
shlp  of  environment  to  specification.  Thank  you 
for  coming  and  participating." 


«  *  * 


Section  7 

INFORMATION  EXCHANGE 


A  COMPARISON  BETWEEN  A  "SLIPPERY  TABLE"  AND  A 
"SLICK  TABLE"  FOR  HORIZONTAL  VIBRATION  TESTING 

C.  J.  McKenzie 

AiRescarch  Manufacturing  Division 
The  Garrett  Corporation 
Phoenix,  Arizona 


INTRODUCTION 

When  the  concept  of  using  an  oil  film  to  float 
a  horizontal  driver  plate  on  a  suitable  table  was 
first  introduced  to  vibration  test  personnel,  it 
was  received  with  much  enthusiasm.  This  proved 
the  answer  to  many  problem  areas  associated  with 
existing  horizontal  flexure  or  swing  tables  be¬ 
cause  of  the  inherent  ability  of  the  oil  film  to 
reduce  vertical  "cross  talk." 

Thereafter,  many  horizontal  flexure  vibra¬ 
tion  tables  were  discarded  and  installations  of 
"slippery  tables"  were  made  using  the  proce¬ 
dures  outlined  by  W.  O.  Hansen.  l  This  article 
presents  an  approach  to  utilizing  grease  instead 
of  the  usual  oil  film  as  a  lubrication  medium 
and  the  corresponding  benefits  of  "slick  table" 
operation. 

INITIAL  DEVELOPMENT 

Our  particular  laboratory  was  by  no  means 
immune  to  the  pitfalls  of  "slippery  table"  fabri¬ 
cation.  The  usual  problems  of  machining  a 
driver  plate  to  an  acceptable  flatness  (0.001  inch 
T.I.R.)  and  surface  finish  (25  micro-inches) 
were  first  encountered  in  the  shop.  Although 
the  driver  table  was  purchased  in  the  form  of  a 
granite  inspection  plate  with  a  maximum  devia¬ 
tion  of  0.0002  inch,  it  was  soon  discovered  that 
the  leveling  and  mating  of  the  table  and  driver 
was  very  time  consuming. 

^Hansen,  W.  O.,  "A  Novel  High  and  Low  Tem¬ 
perature  Horizontal  Vibration  Test  Fixture," 
Shock,  Vibration  and  Associated  Environments 
Bulletin  No.  25,  (Dec.,  1957). 


As  the  "slippery  table"  became  operational 
and  was  being  used  almost  daily  for  horizontal 
sinusoidal  vibration  testing,  the  usual  evalua¬ 
tion  was  performed  to  determine  which  of  the 
many  commercially  available  lubricants  would 
best  suit  the  requirements  of  table  load,  wear 
on  the  sliding  member,  ambient  temperature 
conditions,  and  so  on.  As  testing  progressed 
it  became  evident  that  an  oil  film  was  being 
provided  for  adjacent  test  areas  as  well  as  the 
"slippery  table."  The  cleanliness  required  by 
surrounding  areas  was  a  constant  source  of 
harassment  as  the  equipment  was  located  in  a 
clean-semi-LOX  test  facility.  This,  coupled 
with  the  constant  attention  required  for  table 
leveling,  erratic  deflections  of  the  slider  plate, 
and  accelerated  wear,  was  the  deciding  factor 
in  establishing  the  need  for  a  more  controllable 
type  of  lubrication.  The  natural  direction  was 
to  experiment  with  a  more  viscous  lubricant, 
grease.  Several  commercial,  medium-heavy 
density,  grease  type  lubricants  were  tried  before 
determining  that  Lubriplate  #110  (trade  name) 
best  suited  the  application. 


An  increase  in  grease  thickness  of  approxi¬ 
mately  0.012  to  0,015  inch,  immediately  relieved 
the  tolerance  requirements  and  leveling  prob¬ 
lems,  and  wear  between  adjacent  members  was 
almost  eliminated. 


Since  it  is  not  possible  to  measure  the  Say- 
bolt  viscosity  or  the  kinematic  viscosity  of  a 
grease,  as  was  done  with  fluid  oil-type  products, 
the  average  power  requirement  to  shear  the 
grease  could  not  be  calculated  as  had  been  done 
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by  Adams  and  Sorrenson.Z  The  difference  was 
not  thought  to  be  of  a  sufficient  amount  to  cause 
concern,  as  in  most  cases  it  could  be  compen¬ 
sated  for  by  careful  design  and  fabrication  of 
the  vibration  fixture. 

At  first  the  grease  was  applied  by  hand  to 
the  driver  table  and  was  distributed  by  driving 
the  slider  plate  at  low  frequency.  This  system 
was  later  improved  by  drilling  supply  ports  in 
the  driver  plate  and  feeding  the  lubricant  hy¬ 
draulically.  The  Complete  system  is  commer¬ 
cially  available  at  a  very  nominal  cost. 

Figure  1  illustrates  the  lubrication  system 
in  schematic  form.  Figures  2  and  3  show  de¬ 
tails  of  the  hydraulic  metering  valves,  supply 
lines,  and  the  drilled  supply  ports  in  the  slider 
plate.  The  lubricant  is  supplied  to  the  driver 
table  while  driving  the  slider  plate  at  low  fre¬ 
quency  as  mentioned. 


extent  that  the  lubrication  is  not  of  the  boundary 
type.  The  lubricant  molecule  should  be  asym¬ 
metrical  because  of  the  affinity  of  a  polar  mole¬ 
cule  for  clean  metal  surfaces.  Because  of  the 
thixotropic  qualities  of  grease  the  lubrication 
is,  in  fact,  closely  related  to  an  oil  film.  "Slick 
table"  operation  over  a  period  of  3  years  has 
established  the  following  information: 

e  Vertical  hop  (cross  talk)  of  the  slider 
plate  has  been  reduced  in  the  frequency  range 
of  5  -  2000  cps. 

e  Alignment  of  the  slider  plate  and  driver 
plate  requires  a  minimum  amount  of  attention. 

e  Wear  rates  of  adjacent  sliding  surfaces 
have  been  reduced. 

•  Slider  plates  can  now  be  fabricated  from 
"mill  run"  aluminum  or  magnesium  materials. 
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Fig.  1  -  Schematic  of  lubrication  system 


SUMMARY 

The  lubricant  used  between  the  slider  plate 
and  driver  table  should  be  of  sufficient  visco¬ 
sity  to  keep  the  surfaces  separated  to  such  an 


^Adams,  E.  C.,  and  Sorensen,  A.,  .Tr.,  "An  Ex¬ 
perimental  and  Theoretical  Study  of  an  Oil 
Film  Slider,"  Shock,  Vibration  and  Associated 
Environments,  Bulletin  No,  27,  Part  IV  (June 
1959). 


e  The  "slick  table"  is  capable  of  supporting 
a  heavier  payload  than  the  "slippery  table"  with¬ 
out  breakdown  of  the  film. 

e  Exciter  power  requirements  are  compar¬ 
able  for  shearing  an  oil  film  or  a  grease  lubri¬ 
cant. 

e  A  cleaner  testing  area  environment  has 
been  experienced. 
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Fig.  2  -  Slider  plate  an>’  lubrication  system 
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